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Abstract
Mg alloys are potentially new biomaterials for bone repair or replacement. 
Appropriate coating is, however, needed to make the Mg alloy more resistant to 
corrosion. In this research, protective microarc oxidation (MAO) coatings were 
produced on AZ31 M g alloys in sodium phosphate electrolyte. The coatings were 
produced under varying pulse frequency, applied voltage, oxidation time and 
electrolyte concentrations. This research analyzed the effects o f the above four MAO 
process control parameters on the residual stresses and the corrosion behavior. 
Optimization o f the MAO control parameters would allow production o f A Z 31 Mg 
alloy with high corrosion resistance.
It is well accepted that residual stress and corrosion behavior are two significant 
factors in the development o f AZ31M g alloys. The residual stresses in the MAO 
coatings were evaluated by the X-ray diffraction (XRD)-sin2 /^ method. A predictive 
model o f the residual stresses is proposed and a principal components analysis (PCA) 
was conducted to determine the contribution o f the MAO control parameter on the 
residual stresses.
Long-term corrosion behavior o f M AO-coated M g alloys was evaluated by the 
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) tests. 
The porosity o f the samples after various immersion durations was evaluated by the 
potentiodynamic polarization method. The pre- and post- corrosion microstructures 
and the phase composition o f M AO-coated samples were studied. Post-corrosion 
phase identification showed that hydroxyapatite (HA) was formed on the surface o f 
the samples. The ratio o f Ca/P in HA was determined by the X-Ray Fluorescence
(XRF) technique.
The degradation o f the M AO-coated A Z31 alloys is reduced due to the MAO coating 
and the formation o f a corrosion product layer. A predictive model o f the corrosion 
current density is proposed and a PCA was conducted to determine the contributions 
o f the individual MAO control parameter on the corrosion rate. The corrosion process 
and mechanism o f MAO-coated AZ31 alloys in SBF were modeled based on the 
electrochemical corrosion results and the pre- and post-corrosion surface analysis.
It is believed that under optimized control parameters, the M AO-coated AZ31 Mg 
alloy is superior implant material for biomedical applications.
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Chapter 1: Introduction
1.1 Scientific Rationale
Metallic materials such as stainless steels, cobalt-based alloys and titanium alloys are 
commonly used to assist in repairing or replacing damaged bone tissues. These 
materials are more suitable for load-bearing applications as compared to the ceramics 
or polymeric materials. This is due to their high mechanical strength and fracture 
toughness [1, 2]. A limitation o f the metallic biomaterials currently in use is the 
possible release o f toxic metal ions through the corrosion or wear processes [3-7] 
leading to inflammation and tissue losses [3，5-14]. M ajor drawback o f the metallic 
biomaterials such as Ti alloy, Co-Cr alloy and stainless steel lies in the mismatch o f 
mechanical properties between these implant materials and natural bone, especially in 
the elastic modulus (Table 1.1)，results in implants following stress shielding o f the 
bone. The effects o f stress shielding lead to reduced stimulation o f new bone growth 
[15]. The metallic biomaterials currently in use are essentially neutral in vivo, and can 
remain as permanent fixtures. In the case o f plates, screws and pins used to secure 
serious fractures (Figure 1.1)，however, they must be removed in another surgical 
procedure after the damaged tissue heals [16] . Repeated surgeries adversely increase 
both the health costs and the morbidity rate o f  a patient.
Degradable implants are designed to corrode away while or after they complete their 
tasks in the body. This degradation makes the second surgery unnecessary. Avoidance 
o f a second surgery is not only preferable and reduces cost, but also lowers the risk of 
complications which are generally associated with a surgery. Degradable implants 
could also be designed to have a degradation rate that is compatible to the healing rate.
2Mg and Mg alloys can be gradually dissolved and then excreted by the human body, 
and thus may be used as temporary implants. The density, elastic modulus and the 
compressive yield strength of magnesium are relatively closer to those o f the natural 
bone than is the case for other commonly used metallic implants (Table 1.1). 
Moreover, magnesium is essential to human metabolism and exists naturally in the 
bone tissue [17-22]. It is the fourth most abundant cation in the human body, with 
approximately one-half o f the total physiological magnesium stored in the bone 
tissue [19].
Since Mg and Mg alloys are biodegradable and biocompatible, they become attractive 
materials for temporary implants. Mg and Mg alloys could therefore, replace existing 
implant materials, facilitate healing, and reduce the health costs.[l, 23-26]
Figure 1.1 Example of plates, screws and pins as “permanent” fixtures
Table 1.1 Summary o f the physical and mechanical properties o f various implant 
materials in comparison to natural bone.
Properties
Natural
bone
Mg alloy Ti alloy
Co-Cr
alloy
Stainless
steel
Synthetic
hydroxyapatite
Density 
(g/cm3) 
Elastic modulus
1.8-2.1 1.74-2.0 4.4-4.5 8.3-9.2 7.9-8.1 3.1
(GPa) 
Compressive yield
3-20 41-45 110-117 230 189-205 73-117
strength (MPa) 
Fracture toughness
130-180 65-100 758-1117 450-1000 170-310 600
(MPa-m1/2)
3-6 15-40 55-115 N/A 50-200 0.7
1.2 Review o f Literature
1.2.1 Common Biomedical Magnesium Alloys
In the past, various types of magnesium alloys as well as pure magnesium have been 
proposed for biomedical applications. M any in-vitro studies have been performed to 
understand their degradation rate and corrosion mechanism. The compositions and the 
phase constituents o f  several representative alloys are summarized in Table 1.2. 
Among them, the AZ91D and AZ31 are typical examples o f  M g-A l-Z n  alloys. It has 
been stated that, when compared with pure magnesium, the introduction o f A1 can not 
only modify the mechanical properties, but also enhance the corrosion resistance [27]. 
It has been also demonstrated [28] that, in the M g-Z n-A l system, the corrosion 
resistance o f the alloys in the simulated body fluids (SBF) drops with increased A1 
content. A high A1 concentration increases the content o f  M g ^ A l^  phase. M gnA ln  
generally precipitates at the grain boundaries, which in turn enhances the tendency for 
pitting corrosion. The typical concentration o f A1 in human blood serum is 〜2 .1 -
4.8(ig / L [27]. Higher A1 concentration is harmful to neurons and the osteoblasts [29].
Hence, the amount o f A1 released from M g alloys must be carefully controlled. In
comparison with other magnesium alloys, the AZ31 magnesium alloy, with low A1 
content, is considered to be most suitable as a biodegradable material.
Table 1.2 Common biomedical magnesium alloys.
Family Representative alloys
Alloying elements 
(wt.%)
Main phases
Pure Mg Mg [30] Mg;
Mg-Al-Zn
AZ31 [30,31] 3A1 lZn Mg; MgI7Ali2
AZ91 [30，32] 9A1 lZn
Mg-Ca
Mg-xCa[30, 33，34] 
(x=  1，2，3，4,5，. " ) xCa Mg; Mg2Ca
Mg-Zn-Ca Mg-lZn-ICa [35] lZn ICa Mg; Mg2Ca; Ca2Mg6Zn3
Mg-Zn-Mn- Mg-2.0Zn-1.2Mn-lCa
2Zn 1.2Mn ICa
Mg; Mg2Ca; Ca2Mg6Zn3;
Ca [36] Ca2Mg5Zn13
Mg-Si-Ca ISi ICa Mg; Mg2Si; SiMgCa
Mg-Zn
Mg-xZn[29, 30，32, 37]
xZn
Mg; MgZn; Mg2Zn3;
(x=  1,3 10) Mg7Zn3
Mg-Zn-Mn Mg-lMn-lZn[38] lMn lZn
Mg; MgZn; Mg2Zn3; 
Mg7Zn3
Mg-Mn Mg-IMn [30] lMn Mg; Mn
LAE442[31,39] 4Li 4A1 2RE Mg; A1uRE3
WE43 [39] 4Y 3RE Mg; Mg12YNd;Mg14YNd2
ZE41[30,32] 4Zn IRE Mg; MgZn(RE)
RE
containing
AE44 [30] 4A1 4RE
Mg; Mg17Al12; AlnRE3； 
A112RE
magnesium
alloy
Mg-xGd [40]
(x = 5, 10,15，...） xGd Mg; Mg5Cd
WZ21 [41] 2Y lZn
Mg; MgYZn3; Mg7Zn3; 
Mg3YZn6
Mg-8Y [42] 8Y Mg; Mg24Y5; Mg2Y
1.2.2 Approaches to Improve Mg Degradation
The degradable properties o f Mg and its alloys are, however, a double-edged sword. 
Mg is a highly reactive metal, and corrosion rates when immersed in physiological 
solutions are high. The lifespan o f M g alloys in human body usually is 12-18 weeks 
[1]. This constraint adversely restricts any practical application o f the M g alloys as a 
suitable implant material [43]. In order for the use o f this material to be feasible for 
orthopedic applications, the corrosion mechanisms must be reduced and controlled. In 
response to this, various possibilities exist to develop magnesium alloy by using 
alloying elements and protective coatings that would reduce corrosion rates. The 
processes, o f course must lead to a non-toxic, and biologically compatible material.
As alloying o f M g is challenging due to low solubility o f many elements in Mg, the 
development o f  coatings on M g alloys are o f  high significance, and could be an 
attractive approach to improve the corrosion resistance. Coatings can protect a
substrate by providing a barrier between the metal and the corrosion inhibiting
chemicals. In order for a coating to provide adequate corrosion protection, it must be 
uniform and well adhered. One o f the challenges with magnesium is its chemical 
reactivity. W hen it is in contact with air or water, an oxide or hydroxide layer is 
formed on the surface which can have a detrimental effect on the coating adhesion 
and uniformity.
Challenges for surface modification o f Mg alloys to reduce the degradation and to 
increase the biological performance are complicated. The implant in a human body is 
expected to degrade in a relatively short time-frame, as compared to other non­
medical applications. In those cases, defect-free and robust coatings for a long-term
corrosion protection are not o f any concern. In an effort to improve the corrosion 
resistance o f the magnesium alloys, various conventional preparation methods such as 
anodic oxidation [44, 45], polymer coating [46], chemical conversion coatings[47], 
plasma iodization [48], and magnetron sputtering processes [49] have been proposed. 
None o f these methods produce satisfactory coatings, and only provides a low 
corrosion resistance.
M icroarc oxidation (MAO) technique, also known as the plasma electrolytic oxidation 
(PEO) method, is a kind of anodizing treatment. Since 1990，s a significant amount o f 
research has been conducted on MAO since it could enhance the corrosion and the 
wear resistance by forming a remarkably thick, dense and hard film on the surface of 
the mg alloys [50, 51]. The MAO is an ecofriendly method and can be processed 
easily to make high-quality oxide coatings on the surfaces o f light metals such as Ti， 
Al, M g and their alloys [52]. Therefore, it has become a viable alternative for the pre­
existing anodizing process. In addition to those superior physical and chemical 
properties o f  M g alloys, MAO process can uniformly form an oxide film which 
strongly adheres to a substrate with complex geometries [53，54]. MAO coatings also 
offer several additional advantages over other coatings. For example, MAO coatings 
provide high hardness and can be used at high temperatures. These coatings are, 
however, porous, and require proper selection o f the electrolytic solutions and 
appropriate voltage to develop good coatings. Based on the literature reviewed, it 
seems, the MAO technique is a reasonably promising and effective method for 
surface treatment o f magnesium alloys.
Although the MAO process is very effective for surface modification, residual stress
7develops due to the temperature and microstructural changes during the coating 
process. The residual stresses have a significant influence on the coating quality, such 
as the corrosion resistance and fatigue properties [55]. Therefore, understanding and 
control o f the residual stress in the MAO coating process is a key to improve the 
mechanical properties o f the Mg alloys.
1.2.3 Corrosive Environment of the Body Fluids 
From a chemical point o f  view, the corrosive environment o f  the body fluid consists 
o f  a 0.9% NaCl solution with small amounts o f  other inorganic salts, such as Ca2+, 
PO4 3 and HCO 3 [56]. The chemical environment o f  blood fluid is highly corrosive 
for many metals and alloys, especially due to the presence o f high concentration o f 
chloride ions. Other ions present may also strongly contribute to the corrosion process, 
either as accelerators or inhibitors.
In some earlier studies, Mg corrosion experiments were carried out in simple NaCl 
solutions for biomedical applications (Table 1.3). To characterize mimic the body 
environment adequately, a simulated body fluid (SBF) was employed in the current 
study to understand the corrosion behavior o f pure magnesium and magnesium alloys. 
Simulated body fluid is very useful in predicting in vivo bone bioactivity as observed 
by other researchers [57-59].
8Table 1.3 Collection o f various published data concerning electrochemical 
characterization o f MAO-coated M g and Mg alloys.
Material Electrolyte Immersion time Electrochemical tests Ref.
pure Mg SBF 48h Tafel [60]
pure Mg, A Z 31, AZ61 
and AZ91D
Modified SBF 24 days EIS P8]
AZ91 SBF 35h Tafel and EIS [61]
AZ91,AZ91Ca, AZ61Ca Modified SBF Tafel and EIS [62]
AZ91D Modified SBF 5 days EIS [63]
Mg-Mn-Zn alloy SBF 12days Tafel [38]
AZ31 SBF 72h Tafel and EIS [58]
AZ31 SBF 7 days Tafel and EIS [64]
AZ31 0.1M NaCl solution 72h Tafel [65]
MAO pure Mg SBF 40min Tafel [66]
MAO AZ91 SBF 5 min Tafel [67]
MAO AZ91 SBF 312h Tafel [68]
MAO AZ91D 3.5% NaCl solution 288 h EIS [69]
MAO AZ91 5 % NaCl solution 120 h Tafel and EIS [70]
MAO AM50 0.1M NaCl solution 50 h Tafel and EIS P I]
MAO AZ31 3.5% NaCl solution 30 min Tafel and EIS [72]
MAO AZ31 0.1M NaCl solution 1000 h EIS [73]
1.2.4 Problem Statements
From the preceding discussions, it may be clear that there is a need to examine the 
corrosion behavior o f the MAO-coated AZ31 alloy in SBF, as well as the residual 
stress developed in the coatings on M g alloy due to the MAO process. The processing 
conditions o f MAO, such as the pulse frequencies, applied voltages, oxidation time, 
and the electrolyte concentrations, are some o f the m ajor factors which determine the 
quality o f the coatings in terms o f corrosion resistance and residual stress. As o f this 
date, the researchers have only focused on the influence o f one o f the control 
parameters on residual stress and the corrosion behavior o f  the M AO-coated Mg
alloys. In addition, the corrosion behavior o f  M AO-coated Mg alloys when immersed
for a shorter duration in the SBF has been investigated [74，75]. The long-term
corrosion behavior and prediction o f the degradation mechanism o f the M AO-coated 
Mg implants in the human body are extremely important. A systematic study o f the 
effect o f MAO control parameters on the residual stress in M AO-coated A Z 31 Mg 
alloy, and the long-term corrosion behavior o f M AO-coated A Z 31 Mg alloy in the 
SBF is lacking.
1.3 Scope o f the Research
The m ajor focus o f this research is to determine the residual stress o f MAO-coated 
A Z31 M g alloy and the corrosion behavior o f M AO-coated A Z31 magnesium alloy in 
the SBF. One o f  the goals is to understand the effects o f the MAO process on the 
residual stresses. A second goal is to optimize the control parameters that would 
produce a coating with higher resistance to corrosion. Biocompatibility is influenced 
by surface chemistry and topography o f the implant material. W hile surface chemistry 
has played a dominant role and attracted much attention in the past decades, the 
surface topography has received very little attention. A clear understanding o f the 
surface chemistry and topography (thickness o f the coating and smoothness) could 
allow the design and synthesis o f M g alloys with high resistance to corrosion. The 
scope o f this research is schematically shown in Figure 1.2. The research results 
would be valuable for the development o f  implants for biomedical applications.
The various tasks o f this research include the following:
1) Preparation o f MAO coatings under various control parameters.
2) Determination o f the phases and element concentrations o f  the MAO coating that 
are formed at various conditions. Examination o f the surface and cross-section 
morphologies as well as the porosity o f the MAO coatings.
3) Evaluation and simulation o f residual stresses in the M AO-coated samples.
4) Evaluation o f the corrosion rate and the electrochemical impedance, as well as 
the characteristics o f  the MAO coatings.
5) Selection o f the optimum parameter for the MAO process.
6 ) Predictive model for the corrosion rate o f the MAO-coated AZ31 alloy in the
SBF.
7) Understanding o f  the corrosion mechanism to suggest an appropriate model for
the corrosion phenomena.
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Chapter 2: Preparation and Characterization of MAO Coatings
2.1 Principle o f MAO Deposition Process
Microarc oxidation (MAO) is an electrochemical surface treatment process for 
generating oxide coatings on metals such as aluminum, magnesium and titanium. It 
has been an effective surface treatment technology for over a decade. Similar 
to anodizing but employing higher potentials, the resulting plasma in the MAO is able 
to modify the structure o f the oxide layer. The coating is a chemical conversion of 
the substrate metal into its oxides, and grows both inwards and outwards from the 
original metal surface. Since it is a conversion coating, rather than a deposited coating, 
it has excellent adhesion to the substrate metal.
According to Belevantsev [76], there are three stages in the MAO process: (1) 
anodizing; (2) sparking; and (3) MAO. Stages (1) and (2) take from several seconds 
to minutes, depending on the alloy composition and the reactivity o f the electrolyte 
used. The last stage, the MAO, is responsible for the growth o f the ceramic coating 
and thus plays the m ajor role in the oxidation process.
The MAO coating system is shown in Figure 2.1. The power supply is an adjustable 
pulse AC, voltage ranges from 100 to 800 V ，is applied to the bath. An electrolyte 
prepared from N a 3PC>4 solution in distilled water is kept at room temperature during 
the entire treatment process. The MAO is performed in a stainless steel bath equipped 
with a water-cooling system. It uses a metallic m ember immersed in the electrolyte as 
the anode; the bath container serves as the cathode.
W hen metals or alloys are immersed in an electrolyte, the metal surfaces interact with
the electrolyte solution. As a result, the metal surface immediately generates a very 
thin insulating layer o f the oxide film, and then a complete layer o f insulating film is 
formed. When the voltage applied to the metal exceeds a critical value, a large amount 
o f surface sparks is generated. The arc discharge strengthens and activates the 
reaction occurring at the anode. The oxide film breakdown always occurs in a 
relatively weak state, resulting in the formation o f many surface discharge channels 
(pores). The plasma discharge in the channel can reach a high temperature and 
pressure in a relatively very short time, less than 10 seconds. Therefore, the alloying 
elements diffuse into the channel by melting and oxidation, resulting in the formation 
o f a new oxide film. The diffusion transfers to other parts o f the relatively weak 
section o f the metal, and ultimately a uniform oxide film is formed on the metal.
Figure 2.1 Schematic diagram o f MAO system. 1. Power supply and control system; 
2. Electrolyte; 3. Sample; 4. Stirrer; 5. Cooling water inlet; 6 . Cooling water outlet; 7.
Stainless-steel bath; 8 . Exhaust fan.
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2.2 MAO Coating Preparation
The material used in this research is AZ31 magnesium alloy. The chemical 
composition o f the alloy is listed in Table 2.1. Samples with dimension o f 20mm x 
10mm x 1 mm were used as the substrates. Prior to the MAO treatment, the samples 
were polished with various grades SiC abrasive papers. After polishing, the samples 
were degreased ultrasonically in a metal cleaning agent for 2  min, rinsed in deionized 
water for 1 min, dehydrated in ethyl alcohol for 2  min. and then immediately dried in 
warm air.
Table 2.1 Chemical composition o f A Z 31 magnesium alloy.
Elements A1 Zn Mn Si Cu Mg
Content (wt.%) 2.5〜3.5 0.7-1.3 0.2〜1.0 0.05 0.01 Balance
The MAO coating was processed in the MAO-20 equipment (Chengdu PULSETECH 
Electrical Co., China, shown in Figure 2.2), which has an adjustable DC pulse source 
up to 50 kW, a stainless steel container with a sample holder, a stirring and a cooling 
system. The substrates are used as anodes, while the walls o f the stainless steel 
container serve as the cathodes in the electrolytic bath. Aqueous solution o f sodium 
phosphate with various concentrations was used as the electrolyte. A pulsed current 
was then applied at various frequencies with the same duty cycle. Four groups o f 
M AO coatings were produced on the A Z 31 alloy under various processing conditions, 
shown in Table 2.2. The variation o f  current with oxidation time during the MAO 
process was recorded for Group 4 samples.
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Figure 2.2 (a) MAO equipment; (b) Power system
Table 2.2 MAO process parameters of four groups o f samples.
Sample Pulse Applied Oxidation Electrolyte
designation frequency (Hz) voltage (V) time (min) concentration (g/L)
300Hz 300 325 5 30
500Hz 500 325 5 30Group 1
1000Hz 1000 325 5 30
3000Hz 3000 325 5 30
250V 3000 250 5 30
300V 3000 300 5 30
Group 2
325V 3000 325 5 30
350V 3000 350 5 30
lmin 3000 325 1 30
3min 3000 325 3 30
Group 3
5min 3000 325 5 30
8min 3000 325 8 30
20g/L 3000 325 5 20
Group 4 30g/L 3000 325 5 30
40g/L 3000 325 5 40
2.3 MAO Current density-time Curves
The variation of current density with the MAO time at various electrolyte
concentrations is shown in Figure 2.3. It can be observed that the current density
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Figure 2.3 Variation of current density with oxidation time for MAO coatings 
produced at various electrolyte concentrations.
decreases sharply and then gradually becomes stable. The MAO process can be 
divided into three distinct stages. In the first stage, as the rate o f  applied voltage 
changes rapidly, micro gas bubbles are produced on the surface o f the samples. After 
2 -3  seconds, strong white sparks accumulate and the intensity o f the gas bubbles 
increases. A large amount of heat due to chemical reaction escapes outwards and the 
current density decreases rapidly. The large drop o f the current density is attributed to 
the rapid formation o f the MAO coating which increases the resistance, thus hinders 
the flow o f the electrons. In the second stage, the white sparks becomes sparse and the 
local coarse arcs are occasionally produced. In the third stage, only the fine micro arcs 
occur on the surface o f the samples, therefore the reaction is steady without obvious 
changes in the current density. The current density increases with increasing 
electrolyte concentrations.
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2.4 Characteristics of MAO Coatings
The surface characteristics o f the MAO coating including the composition and the 
topography exert considerable influence on the biocompatibility.
Netherlands Quanta200 scanning electron microscope (SEM) was used to examine the 
surface and the cross-sectional morphologies o f  the MAO coatings. All the samples 
detected by the SEM were sputtered with a thin gold layer in order to prevent surface 
charging effects. X-ray diffraction (XRD) analysis was carried out using an X'Pert 
PRO. The samples were scanned using C uK a radiation under 45 kV voltage and 40 
mA current at normal 9-26 geometry with a range o f 20° to 80° 26, and a step size of 
0.025° with a glancing angle o f 2.5°. PanAlytical Axios dispersive X-ray fluorescence 
(XRF) was employed for quantification element o f the MAO coatings. The porosity 
o f the MAO coating was calculated by the potentiodynamic polarization method.
2.4.1 Coating Morphology 
Microstructures were used to determine the mechanical and the physical properties o f 
MAO coatings. The effects o f pulse frequency, applied voltage, electrolyte 
concentration and oxidation time on the morphologies are discussed in the following 
sections.
2.4.1.1 Effect of Pulse Frequency
Figure 2.4 Surface morphology o f MAO coatings produced at various pulse 
frequencies:⑷  300 Hz, (b) 500 Hz, (c) 1000 Hz and (d) 3000 Hz.
The effect o f  various pulse frequencies for MAO coating process on the surface 
morphology can be explained by the SEM images (Figure 2.4a 〜d). Micro pores and 
cracks can be observed on the coating surface for all the four frequencies tested, 
exhibiting different porosity at each individual frequency. During the MAO process, 
the pores and the cracks served as the microarc discharging channels through which
the oxide leaves the surface, and then experiences intensive oxygen evolution, which 
in part contributes to the development o f the porous structure in the ceramic coatings. 
The number o f pores on the surfaces o f the coated specimen at 300 Hz, 500 Hz, and 
1000 Hz is similar (Figure 2.4a 〜c), while for the 3000 Hz sample, the number o f 
pores appears to be larger. The average pore size and the average crack size decreases 
with the increase in the pulse frequency. The samples produced at the 3000 Hz exhibit 
a more uniform surface morphology. The porosity values (in Section 2.3.2) verify the 
presence o f a uniform surface morphology.
The differences in the extents o f the micro cracks and the micro pores in the four 
coatings are attributed to the intensity o f energy used in the MAO process [77]. 
Although all the four pulse frequencies were operated at the same pulse-time ratio, the 
3000-Hz case only has a discrete pulse-on-time o f 0.1 ms, as opposed to 0.3 ms (1000 
Hz), 0.6 ms (500 Hz), or 1 ms (300 Hz). This indicates that the pulse frequency at 
3000 Hz delivers the least intensity o f energy and thus results in a coating with 
relatively smaller size micro pores and micro cracks. At 300 Hz, larger pores are 
produced (Figure 2.4a) due to the relatively prolonged pulse-on-time (1 ms). The 
pulse-on-time in this case is much longer than the lifetime (0.17 ms) o f the spark [78]. 
In addition, at 300 Hz, the continuous discharge during the pulse-on-time leads to 
higher temperature in the coating layer. The stronger quenching effects induce micro
cracks in the coatings [77].
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2.4.1.2 Effect of Applied Voltage
Figure 2.5 Surface morphology o f MAO coatings produced at various applied 
voltages: (a) 250 V, (b) 300 V，(c) 325 V and (d) 350 V.
The SEM images shown In Figure 2.5 revealed typical porous surface morphologies 
for the coatings produced at various voltages. As can be seen in Figure 2.5a, at low 
voltage 250 V the oxidation coatings showed dense, crater-like microstructures with 
some round-shape shrinkage pores in the crater-centers. A well developed melt 
network was also produced at 250 V.
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At medium voltage 300 V (Figure 2.5b), an increased size o f pores can be observed. 
The large round or elliptical shaped pores imply the merging o f the smaller pores. 
Additionally, m any small cracks are evident in the coating.
At a voltage o f  325 V (Figure 2.5c), the number o f micropores appears to increase 
with a decrease in size o f the pores. Elliptical shaped pores and small cracks are also 
apparent in the coating.
A loose grained, porous surface morphology with M gAhC^ spinel crystals can be 
observed for the coatings produced at high voltage o f 350 V. The size o f the pores and 
the cracks are significantly larger than those produced at 300 V and 325 V. This 
suggests that the smaller pores are connected and as a result larger cracks are formed.
The sample produced at 325 V is more uniform, which can be confirmed by the 
porosity values presented in Section 2.4.2. The dense level o f the MAO coatings
depends on the porosity.
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Figure 2.6 Cross-sectional morphology o f MAO coatings produced at various applied 
voltages: (a) 250 V，(b) 300 V，(c) 325 V and (d) 350 V.
The cross-sectional images o f  the MAO coatings produced at various voltages are 
shown in Figure 2.6. The micro pores and the micro cracks can be observed in the 
MAO coating. These pores and the cracks do not penetrate the entire layer. The pores 
in the coating layer result from the gas bubbles moving out o f  the micro-arc discharge 
channels, while the cracks are formed by the thermal stress due to the rapid 
solidification o f the molten oxide in a relatively cold electrolyte [51].
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The smallest thickness that is seen in Figure 2.6a is at the lowest voltage (250 V)， 
which has resulted in an undefined boundary between the substrate and the MAO 
coating. It can be noted that the thickness o f  the coating increases with increasing 
applied voltages (in the range o f 5 |xm to 20 (im from 250 V to 350 V). The sample 
coated at 325 V shows a relative uniform structure, compared to the other conditions 
(Figure 2.6c). For samples produced at 350 V，however, the coating is not that 
compact and tends to delaminate and crack inside the coating.
2.4.1.3 Effect o f Oxidation Time
The surface morphologies o f the MAO coatings produced at various oxidation times 
are shown in Figure 2.7. Typical porous micro structures can be observed on all the 
coatings. The influence o f oxidation time on the surface morphology is negligible. 
The average number o f micropores seems to be the smallest for the MAO coating 
produced at 5 min. The samples produced at 8  m in have the largest micropores. From 
surface morphology, it is difficult to determine the density o f the coating sample.
Porosity values are needed to estimate the sample compactness.
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Figure 2.7 Surface morphology o f MAO coatings produced at various oxidation 
times: (a) 1 min, (b) 3 min, (c) 5 min and (d) 8  min.
The cross-sectional morphologies o f  the MAO coatings produced at various oxidation 
times are illustrated in Figure 2.8. It can be seen that the thickness increased with 
increasing oxidation time until 5min. W hen the oxidation time reaches 8  min, the 
thickness seemed to be decreasing and the coating also becomes rough. Some parts o f 
the coating are disintegrated. More voids are formed locally and a large amount of 
melting accumulated. This is due to the high temperature and the pressure at higher
oxidation time. The smallest coating thickness owing to the shortest oxidation time o f
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1 min is shown in Figure 2.8a. The sample coated for 5 min (Figure 2.8d) shows the 
thickest layer with a relatively smooth and uniform microstructure with fewer 
micropores, compared to the other oxidation times.
MAO coating
AZ31 substrate
AZ31 substrate
Figure 2.8 Cross-sectional morphology o f MAO coatings produced at various 
oxidation times: (a) 1 min, (b) 3 min, (c) 5 min and (d) 8  min.
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2.4.1.4 Effect of Electrolyte Concentration
Figure 2.9 Surface morphology o f MAO coatings produced at various electrolyte 
concentrations:⑷  20 g/L; (b) 30 g/L; (c-d) 40 g/L.
The surface morphologies o f the MAO coatings produced at various electrolyte 
concentrations are shown in Figure 2.9. Typical porous microstructures can be 
observed on the coatings. The influence o f the electrolyte concentration on the surface 
morphology is evident. At a concentration o f 20g/L, a well developed melt network is 
produced. This is due to an incomplete coating (Figure 2.9a). This coula be attributed
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to fewer electrolyte particles participating in the reaction, and the partial discharge of 
the plasma. With increasing electrolyte concentration, the micropores increases 
gradually, and the coating layer tends to be denser. The reaction energy increases 
during the MAO process with increasing electrolyte concentration. When the 
concentration is increased to 40 g/L, the surface morphology is very different. 
Ablation with large pores (Figure 2.9d) occurs locally, which is due to a large 
discharge spark caused by the participation of large amount of electrolyte particles.
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Figure 2.10 Cross-sectional morphology of MAO coatings produced at various 
electrolyte concentrations: (a) 20 g/L, (b) 30 g/L and (c) 40 g/L
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The cross-sectional morphologies o f the MAO coatings produced at various 
electrolyte concentrations are presented in Figure 2.10. It can be seen that the 
adhesion between the coating and the substrate is good without any visible separation 
boundary. The coating seems to be very thin for the 20g/L treated sample because o f 
the low electrolyte concentration. The sample coated at higher concentration o f  40 g/L 
shows (Figure 2.10c) a rough morphology with numerous pores and cracks. The 
coating produced at an electrolyte concentration o f 30g/L displayed a more uniform 
and thicker morphology. The results suggest that the concentration o f electrolyte has 
significant effects on the cross-sectional morphologies.
2.4.2 Porosity M easurement o f MAO coatings 
The presence o f  pores, such as closed pores, open pores and pinholes, in the coatings 
means that the film density and the compactness are less than those o f the bulk 
material. Corrosion-resistant coatings are primarily controlled by the amount o f 
porosity. The experimental methods to measure porosity o f the coatings on the 
substrates are shown in Table 2.3 [79]. The direct porosity measurements are only 
qualitative and time-consuming [80]. In recent literature, various electrochemical 
methods have been proposed to determine through-coating porosity. The presence of 
pores and pinholes in the coatings is indirectly obtained from the measurements o f the
through pores.
Table 2.3 Experimental methods for the detection o f porosity in the coatings [79].
Type of detection Experimental method
Chemical etching
Optical metallography
Direct observation
Scanning electron microscooy
Transmission electron microscopy
(a) Pore resistance method
(b) Electrochemical method
Indirect measurement
(bl) Potentiodynamic polarization test
(b2) Electrochemical impedance spectroscopy
In this research, the porosity o f the MAO coating was evaluated by the 
potentiodynamic polarization method. For measuring the porosity, the coated samples 
were immersed in the SBF for a duration o f 0.5 hour. The details o f polarization 
method are presented in Section 4.2. The coating porosity (F) polarization results 
using Equation 1 [81, 82]: is calculated from the 
ベ/?ヽ
F =  x E q u a t i o n  1
Where, R pm is the polarization resistance o f the uncoated sample, Rp the polarization 
resistance o f the MAO-coated sample, AEcorr the difference o f corrosion potential 
between the coated and the uncoated samples, and (5a is the anodic Tafel slope o f the 
uncoated sample.
A comparison o f the potentiodynamic polarization curves o f uncoated A Z 31 M g alloy 
and the coated specimens produced at various control parameters is shown in Figure 
2.11. The corrosion potential ( ECOfr), corrosion current density ( I corr), and the anodic
/cathodic Tafel constants ( Pa and p c ) were obtained directly from the
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potentiodynamic polarization curves using the Gamry Echem Analyst software. The 
polarization resistance ( Rp) can then be calculated by the Stem—Geary equation:[83]
R p =  ——------ 7- 7 — — - Equation 2
P 2 3 I coJ P a + Pc)
The Tafel data for the MAO coatings produced at various control parameters and the
uncoated AZ31 alloy after immersion in the SBF for 0.5 h are listed in Table 2.4.
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Figure 2 .11 Tafel curves of uncoated AZ31 alloy and MAO coatings produced at 
various a) pulse frequencies b) applied voltages c) oxidation times and d) electrolyte 
concentrations after immersion in the SBF for 0.5 h.
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Table 2.4 Tafel data for uncoated and M AO-coated AZ31 alloy after 0.5h immersion
in the SBF.
Sample Ecorr(V) I c o n -  (p-A/cm2) Pa (v/decade) Pc (v/decade)
300Hz -1.10 2.66 0.698 0.290
500Hz -1.02 2.78 0.680 0.316
Group 1
1000Hz -1.10 2.42 0.458 0.395
3000Hz -1.12 1.48 0.516 0.233
250V -1.08 2.03 0.585 0.290
300V -1.10 1.78 0.643 0.237
Group 2
325V -1.12 1.48 0.516 0.233
350V -1.06 1.92 0.552 0.287
lmin -1.12 3.01 0.675 0.278
3 min -1.09 1.92 0.558 0.176
Group 3
5 min -1.12 1.48 0.516 0.233
8min -1.06 1.72 0.712 0.168
20g/L -1.07 3.47 0.637 0.307
Group 4 30g/L -1.12 1.48 0.516 0.233
40g/L -1.10 1.93 0.600 0.260
AZ31 alloy -1.31 97.38 2.579 0.810
Using the data presented in Table 2.4 and equations 1 and 2, the coating porosity ( F )  
was calculated. The results are listed in Table 2.5. The results indicate that the 
porosity (%) is in the range o f 4.93% to 8.55%. The porosity values are very similar 
to the data presented by Cai [84]. The Group 1 samples show a decrease in porosity 
value with increasing pulse frequency. For Group 2 samples, the porosity decreases 
with increasing applied voltage until 325 V, and then increases to 5.15% at 350 V. For 
Group 3 samples, the porosity for the coating produced at a 30 g/L concentration 
showed the lowest value (4.93%), and the highest value (8.55%) occurred at 20 g/L. 
For Group 4 samples, the porosity decreased with increasing the oxidation time until 
an oxidation time o f 5 min, and then increases to 5.59% for an oxidation time o f 8
min.
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The smallest porosity o f 4.93% results at 3000 Hz, 325 V，30g/L for an oxidation time 
o f 5 min. The densest coating was produced at these operating parameters.
Table 2.5 Calculated porosity o f the MAO coatings by Equation 1.
Pulse frequency (Hz) 300 500 1000 3000
Porosity (%) 6.82 6.30 5.99 4.93
Applied voltage (V) 250 300 325 350
Porosity (%) 5.60 5.39 4.93 5.15
Oxidation time (min) 1 3 5 8
Porosity (%) 8.17 7.45 4.93 6.42
Electrolyte concentrations (g/L) 20 30 40
Porosity (%) 6.73 4.93 5.47
2.4.3 Element Concentration
In order to determine the phosphorous content in the coating, a dispersive XRF 
analysis was performed on the surface o f Group #1 samples coated at various pulse 
frequencies. The XRF spectrum is presented in Figure 2.12 and the element 
concentration is listed in Table 2.6. It was found that the phosphorous content was 
decreasing with increasing processing pulse frequency. The resultant coatings have a 
phosphorous content o f  18.9，18.8, 18.5 and 18.1 wt. % for 300 Hz, 500 Hz, 1000 Hz 
and 3000 Hz frequencies. The concentration o f sodium was also found in decreasing 
order in the coatings as a function o f frequency. This validates the effective 
participation o f the N a+and the PC^~ ions in the MAO process at 300Hz, which is 
attributed to the relatively longer pulse-on-time, thus, providing a higher energy per
pulse.
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Figure 2.12 An example o f XRF spectrum o f MAO coating produced at 3000 Hz 
Table 2.6 XRF element concentration o f MAO coatings (wt.%).
Sample O Mg P A1 Zn Na Mn
300Hz 43.8 28.8 18.9 0.826 0.921 6.49 0.259
500Hz 45.4 28.7 18.8 0.546 0.980 5.25 0.322
1000Hz 46.8 28.3 18.5 0.406 0.909 4.82 0.241
3000Hz 47.3 28.1 18.1 0.691 0.970 4.51 0.318
2.4.4 Phase Composition
The XRD patterns o f all the MAO coatings produced at various operating parameters 
are shown in Figure 2.13. The coating in each sample has the same phase 
compositions: Mg, MgO, M gAl2 0 4  and M g3 (PC>4 )2 . The result suggests that the 
processing parameters have negligible influence on the phase composition. The Mg 
phase, attributed to the AZ 31 substrate, exhibits a peak in the XRD pattern which 
differs from sample to sample. The MgO phase is least influenced by the control
parameters. The M gAl2 0 4  phase has a low intensity for all the samples due mainly to
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a small amount o f Al present in the substrate AZ 31 alloy. The presence o f 
M g3 (PC>4 ) 2  suggests that the electrolyte ions participated in the growth process o f the 
coating [85].
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Figure 2.13 XRD  spectra o f  MAO coatings produced at various a) pulse frequencies 
b) applied voltages c) oxidation times and d) electrolyte concentrations. (1) Mg; (2) 
MgO; (3) M gAl2 0 4； (4) M g3 (P 0 4 )2.
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Chapter 3: Measurement and M odeling of Residual Stresses
Residual stress is one o f the critical parameters o f any implants in a human body. For 
long-term reliability, the residual stress in the implant must be low [86-90]. A 
considerable amount o f  research has shown that the compressive residual stress may 
cause the film delamination from the substrate, whereas, the tensile residual stress 
may lead to surface cracks in the films [91, 92]. Due to these facts, it is extremely 
important to develop an implant material with lower residual stress. It is, therefore, 
also very important to determine the level o f residual stress in the MAO coated A Z 31 
Mg alloys.
There are several methods commonly used to determine stress in the coatings: (1) 
mathematical modeling (analytical or numerical), (2 ) material removal techniques 
(hole drilling, layer removal), (3) mechanical methods (curvature, displacement, 
fracture or strain measurement) and (4) X-ray diffraction or neutron methods. Each 
technique has certain advantages and its own limitations. The applicability o f a 
particular method is determined by such factors as the shape, dimensions, materials 
used in the coating and the substrate, the information on the constituents’ properties 
and processing conditions. The most common non-destructive method to determine 
the residual strain and stress in crystalline materials is based on the X-ray diffraction 
(XRD) [93-97]. In this thesis, the residual stress was measured by the XRD method. 
The measurement o f stress by XRD method has the advantages o f shallow penetration 
depth, small change in penetration depth with respect to the \j/ angle, and a small 
effect on the texture. Because o f these reasons, the XRD is considered to be a more 
appropriate method for measuring the residual stress in the MAO coatings.
35
3.1 X-Ray Diffraction Residual Stress Technique
Stress determination by the X-ray diffraction method is based on the measurement o f 
changes in the crystal lattice spacing, which manifest themselves as shifts in the 
angular positions o f the respective diffraction peaks [98]. From a set o f lattice spacing 
in different orientations and stress-free lattice spacing, an elastic strain tensor can be 
constructed, which is then converted to a stress tensor using the Hooke’s law. In the 
present research, for stress calculation, a zero stress perpendicular to the film plane 
was assumed. W hen a beam o f X-ray with a wavelength o f X is incident upon the 
surface o f the samples, the diffraction o f the X-ray occurs and can be represented by 
the Bragg’s diffraction equation:
nX = 2 d s in 0  Equation 3
Where, n is an integer, d  is the crystal plane spacing, and 0 is the Bragg’s diffraction 
angle.
W hen residual stress exists in a sample, the crystal plane spacing, d, differs from do of
a sample with free residual stress. The strain, in the incident angle, y/, can be
determined by the relative changes o f the diffraction crystal plane spacing. The strain 
is also associated with the displacement o f the diffraction peak, ie.，
= dvd  d ~ =  - co t( 4  — ° 0 ) Equation4
Where, 90 and 6^ is the Bragg’s angle at diffraction peak in a sample without and 
with residual stress. The residual stress, ,o f a thin film can be calculated from
equation 5 [98]:
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E  n n  S{2d )び = ------------ ct^dr,------------- Equation 5
^ 2(1+ v) 5 °180a(sinV )
Where, E  is the Y oung’s modulus, and v is the Poisson’s ratio o f the thin film. The 
relationship between 26^ and the Sin2y/ is linear. The residual stress o ^ in  the coating 
can be easily obtained by measuring various diffraction line displacements for varying 
sample tilt angle y/ .
3.2 Residual Stress Measurement
The residual stress in the MAO coating was measured by the XRD Sin2y/ method [97] 
using the diffracted peak (220) at 20 = 62.306° . This 26  angle was selected to 
correspond to the MgO phase, shown in Figure 2.13. A comparatively high-angle 
diffraction peak (2 2 0 ) reduces the errors in measurement and ensures a high 
sensitivity to the strain. [99，100] The measurements were carried out at five different 
y/ values (0。，7.5。，15。，22.5。and 30。）in the 2の ranging from 61.75。to 63.00°, 
with a step size o f  0.0125°. For MgO constituent, E  =  2 4 8 GPa and v =  0.187.[101] 
was used in the calculation o f residual stress. The change in the lattice spacing d  at 
various y/ values leads to a shift in the corresponding peak. (Figure 3.1). The
measured 26  plotted against sin 2 y/ is presented in Figure 3.2. The residual stress in 
the coating is determined by the slope o f the linear regression o f the 29  vs. sm~ \\f
plot.
sin2\)/
Figure 3.2 A plot o f 20 vs. sin2 \\f values for MAO coating produced at 3000 Hz, 325
V，30g/L for 5 min.
61.6  61.8 62.0 62.2 62.4  62 .6  62.8 63.0  63.2
26 (deg.)
Figure 3.1 An example o f XRD spectrum shift at different \\f values for MAO coating 
produced at 3000 Hz, 325 V, 30g/L for 5 min.
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The calculated residual stresses in the MAO coatings are presented in Table 3.1. The 
stresses are compressive and range from a value o f -611 to -1272 MPa. These values 
are lower than the residual stresses o f Aluminum alloy reported by Lonyuk et al. 
[102]. M ost o f  values (Table 3.1) are less than 1000 MPa, and are in the range o f the 
results reported by Khan on Al alloys [103].
Table 3.1 Residual stresses in MAO coatings produced at various parameters.
Pulse frequency (Hz) 300 500 1000 3000
Residual stress (Mpa) -1272 -1178 -1032 -611
Applied voltage (V) 250 300 325 350
Residual stress (Mpa) -1254 -728 -611 -759
Oxidation time (min) 1 3 5 8
Residual stress (Mpa) -1152 -784 -611 -896
Electrolyte concentration (g/L) 20 30 40
Residual stress (Mpa) -1206 -611 -837
For the samples in Group 1, the residual stress decreases with increasing pulse 
frequency. For MAO coatings produced at various applied voltages, the stress 
decreases first with increasing voltages. The lowest value o f -611 M Pa is obtained at 
325 V. The residual stress increases to a value o f  -759 M Pa at 350 V. For samples in 
Group 3，the stress first decreases with increasing oxidation time until an oxidation 
time o f 5 min is reached, then increases to a value o f -896 M Pa for an oxidation time 
o f 8  min. The effects of electrolyte concentration on residual stress were also 
examined. The stress value is the lowest at the electrolyte concentration o f 30 g/L and 
reaches the highest value of -1206 M Pa at the electrolyte concentration o f 20 g/L.
Porosity o f a sample is a function o f the density o f  the coating. Denser coating would 
result in smaller pores and cracks. The smaller porosity in a sample leads to small
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residual stress. Since the porosity changes the equivalent Young’s modulus and the 
Poisson’s ratio o f the coating, the residual stress in the coating is modified 
accordingly. The Stoney [76] equation (Equation 6 ) is used to correlate the coating 
stress <j c to the mechanical properties o f  the coating and the substrate:
E h ^ k  ^  ^cr = ----- — — - Equation 6
Where, the subscripts c and s denote the coating and the substrate, respectively; 
五and vare  the Young’s modulus and the Poisson’s ratio; the parameter k  is the 
curvature o f the coating-substrate composite, and h is the thickness. The Young’s 
modulus Es , Poisson’s ratio v5 and the thickness hs o f  the substrate were assumed to 
be the same for all the coatings. If  these parameters are kept as constant, the <j c in 
equation 6  then changes proportionally to the value o f  the ratio o f k /h c. From the 
results o f the cross-sectional images and the porosity presented in Section 2.4，it can 
be seen that if  the porosity is less, the coating is thicker. Furthermore, according to the 
Euler-Bemoulli beam theory[104], the curvature k  under a fixed bending is inversely
proportional to the equivalent Y oung’s modulus. The equivalent Y oung’s modulus o f
a porous material (such as the porous MAO coating) can be related to its porosity by: 
E p =  E ( l  — F )  Equation 7
Where, E p is the equivalent Y oung’s modulus, E  is the Young’s modulus o f the bulk
material, and F  is the porosity. Therefore, the smaller the porosity, the larger is the 
E p ，thus, the less is the curvature. Additionally, the smaller the porosity, the greater
is the hc，and the ratio o f k /h c is less, thus the less is the residual stress. Using the
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Figure 3.3 The regression o f the residual stress with individual MAO process
parameter
A regression equation was developed based on the calculated residual stress (Table 
3.1) and the selected control variables. The regression equations between the residual 
stress with applied voltage, oxidation time and electrolyte concentration are second-
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3.3 Predictive Model of Residual Stress
3.3.1 Development of the Regression Equation
trend o f the residual stress as 
Stoney equation can be used
a function o f MAO control parameters (Figure 3.3), the 
to explain the experimental data and to extrapolate the
residual stress based on the measured thickness and the porosity o f the coated samples.
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order polynomials. The equation, however, is linear for the pulse frequency. Based
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on the regression equations (Figure 3.3)， the proposed mathematical model for 
predicting residual stress in the coating is:
Y = ax 1 +bx2 2+cx2+dx32 +ex3+fx4 2+gx4 +h Equation 8
Where, Y represents the residual stress, MPa. The dependent variables xi, X2 , X3 and 
X4  denote the pulse frequency, applied voltage, oxidation time and the electrolyte 
concentration, respectively. The raw (measured) data for non-linear multi-variable 
regression for residual stress are presented in Appendix B. The constants in the 
regression equation a, b, c, d，e, f, g and h are the regression coefficients, and the 
values o f these coefficients are obtained from least squares regression. The coefficient 
values are shown in Table 3.2.
Table 3.2 The regression coefficients for predictive model o f residual stress
a b c d
2.23E-1 -1.27E-1 8.17 -8.77E-3
e f g h
5.37 -3.94 2.55E2 -1.93E4
The measured and the simulated residual stresses are presented in Figure 3.4. The 
coefficient o f  multiple determination (R2=0.9660) is very high, thus suggesting that 
the predictive model accurately reflects the measured data. The predictive model for 
the residual stress is written in Visual Basic (VB). A program panel is shown in 
Figure 3.5 and the program code is listed in appendix A.
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Figure 3.4 The comparison o f measured and simulated residual stresses in MAO 
coatings produced at various control parameters.
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Figure 3.5 Executable program panel to predict the residual stresses in MAO coatings.
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3.3.2 Principal Components Analysis
In order to identify any underlying patterns in the data, and to identify the 
contribution o f each o f the individual parameters, a principal components analysis 
(PCA) was conducted. The results o f the PCA are shown in Tables 3.3 and 3.4. It can 
be seen that the ranked eigenvalue o f the pulse frequency component is the highest, 
indicating that pulse frequency is the dominant factor towards residual stress.
Table 3.3 Eigenvector o f MAO parameters for the modeling o f residual stresses.
Pulse
frequency
Applied
voltage
Oxidation
time
Electrolyte
concentration
Pulse frequency 0.737 -0.128 0.000 0.664
Applied voltage -0.629 -0.489 0.000 0.604
Oxidation time -0.248 0.863 0.000 0.441
Electrolyte
concentration
0.000 0.000 1.000 0.000
Table 3.4 Eigenvalues o f  the eigenvector shown in Table 3.3.
Pulse
frequency
Applied
voltage
Oxidation
time
Electrolyte
concentration
Eigenvalue 1.126 1.030 1.000 0.844
Variability (%) 28.143 25.762 25.000 21.096
Cumulative (%) 28.143 53.904 78.904 100.000
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Chapter 4: Corrosion Behavior of M AO-coated AZ31 Mg Alloy
Potentiodynamic polarization is often used to provide useful information on the 
corrosion rate. Electrochemical Impedance Spectroscopy (EIS), on the other hand, is 
used to characterize the interface between a metal and the conductive solution. The 
combined information allows understanding o f the corrosion mechanism and the 
approaches to reduce corrosion.
4.1 Electrochemical Corrosion Testing
In this research, the potentiodynamic polarization and EIS tests were used to evaluate 
the corrosion behavior o f MAO coatings on M g alloys. A brief description o f the 
potentiodynamic polarization and EIS follows:
4.1.1 Potentiodynamic Polarization 
Potentiodynamic polarization refers to a polarization technique in which the potential 
o f the electrode is varied over a relatively large potential domain at a selected rate by 
the application o f a current through the electrolyte. It includes a typical anodic or 
cathodic potentiodynamic scan. In a potentiodynamic experiment, the driving force 
(i.e., the potential) for anodic or cathodic reactions (depending on the nature o f the 
scan) is controlled, and the net change in the reaction rate (i.e., current) is observed.
4.1.2 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) has been successfully applied to the 
study o f  corrosion systems and considered to be an accurate method for measuring 
impedance [92]. In this approach, a measure o f the electrochemical impedance is 
made at a series o f predetermined frequencies. An important advantage o f EIS over 
other electrochemical techniques is the possibility o f using very small amplitude
signals without significantly influencing the impedance properties. EIS in principle 
can determine a number o f fundamental parameters relating to electrochemical 
kinetics [83].
The time-dependent current response I(t) o f an electrode surface to a sinusoidal 
alternating potential signal V(t) is expressed as an angular frequency (の) dependent 
impedance Z{co),
Z{c6) =  V(t) / I ( t)  Equation 9
Where,
t = time
V{t) = V0s\ncot
1(f) = I0 sm(cot + 6)
6 - phase angle between V{t) and I{t)
During EIS, the surface o f the corroded sample absorb electrical energy at discrete 
frequencies, causing a time lag and a measurable phase angle，沒，between the time- 
dependent excitation and response signals. The impedance, Z{co), may be expressed in 
terms o f real, Z{co), and imaginary, Z '\co), components.
Z ( cd)  =  T (co； +  /• Z ”(co) Equation 10
The impedance behavior of an electrode can be expressed as Nyquist plots o f  Z y\co) 
as a function o f  Z \co) or as Bode plots o f log|Z| versus frequency f  in cycles per sec
(hertz), Where, c o - 2 n f .
4.2 Setup for Electrochemical Test
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The electrochemical measurements were carried out in a conventional three-electrode
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cell using a saturated calomel electrode (SCE) as the reference electrode and a 
graphite rod as the counter electrode. The exposed area o f the working electrode is 
4.18cm2. All the experiments were performed at accepted human body temperature of 
36.5士0.5 0C (97.7士0.9 °F) in the simulated body fluid (SBF) with an ionic 
concentration as follows: Na+ 142.0, K + 5.0, C a2+ 2.5，M g2+ 1.5, Cl~ 147.8, 
H P d 1;  1.0, HCO； 4.2 and SO^~ 0.5 mmol/L.
The composition o f the SBF is presented in Table 4.1. The solution was buffered with 
tris (hydroxymethyl), minomethane ((CHbOHLCNH〕)，and 1.0 mol/L HC1 to an 
equivalent pH o f 7.25. The SBF was refreshed every 24 hours for the electrochemical 
tests.
In order to reach a stable potential, the open circuit potential (OCP) was monitored for 
a period o f 10 min, then the polarization and the EIS data were collected at various 
intervals. The samples were exposed in the SBF for a duration o f 28 days. The 
polarization curves were measured at a scanning rate o f 0.5 mV/s. The EIS tests were 
carried out in the range o f 0.1 Hz to 100 kHz with a voltage amplitude o f 10 mV.
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Table 4.1 Chemical composition o f the SBF (pH 7.25，1 L) [105].
Reagent Purity (%) Amount
NaCl 99.5 7.996 g
NaHC03 99.5-100.3 0.350 g
KC1 99.5 0.224 g
K2H P04 • 3H20 99.0 0.228 g
MgCl2 • 6H20 98.0 0.305 g
1 kmol/m3 HC1 一 40 cm3
CaCl2 95.0 0.278 g
Na2S 04 99.0 0.071 g
(CH2OH)3CNH2 99.9 6.057 g
1 kmol/m3 HC1 — Appropriate amount for adjusting pH
4.3 Corrosion Behavior Results
4.3.1 Potentiodynamic Polarization
The effects o f  MAO control parameters (pulse frequency, applied voltage, oxidation 
time and electrolyte concentration) on the potentiodynamic polarization are discussed
in this section.
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Figure 4.1 Tafel plots o f uncoated A z^ l alloy and MAO coatings produced at various 
pulse frequencies (7 d immersion).
The potentiodynamic polarization curves o f uncoated A Z31 alloy and MAO-coated 
samples produced at various pulse frequencies are shown in Figure 4.1. The 
important parameters such as the corrosion potential ( h COfr) and the corrosion current 
density ( I con.)，were generated directly from the potentiodynamic polarization curves 
by the Tafel method. The corrosion potential {Ecorr) and the corrosion current density 
( I corr) for the uncoated AZ31 alloy and MAO coatings produced at various pulse
10  ^ 10 '7 10-6 10'5 10ィ 10"3 
Current Density (A/cm2)
- 0.2
-0.4
- 0.6
>  -0.8
'■= -1.0 
<1)
0 - 1 2  Q . ば
-1.4 
- 1.6
Current Density (A/cm2)
(c) 7 days
-TTTTT------T   I--------------- r
1 0 '7 10"6 10"6 10"4 1 0 3
4.3.1.1 Effect of Pulse Frequency
o o o 1 1 
(
>
) lelcaod
frequencies are listed in Tables 4.2 and Figure 4.2 respectively.
49
’ ■ . • 300Hz 
500Hz 
1000Hz 
3000Hz 
AZ31 alloy
202.72
■ 15.87
9.87
1 -----------1---------- 1 I I I I
0 1 2 3 4 5 6
Immersion time (d)
Table 4.2 Corrosion potential (V) for uncoated A Z 31 alloy and MAO coatings 
produced at various pulse frequencies.
Immersion time (day) 300Hz 500Hz 1000Hz 3000Hz AZ31 alloy
1 -1.07 -1.10 -1.14 -1.15 -1.30
5 -1.08 -1.04 -1.01 -1.11 -1.31
7 -1.27 -1.26 -1.27 -0.93 -1.33
It can be observed from Table 4.2 that all the coated samples show higher Ecorr value 
than the uncoated A Z 31 alloy irrespective o f the immersion time. This suggests that 
the M AO-coated samples are less reactive to SBF as compared to the uncoated A Z 31 
alloys. At the end o f the 7-day corrosion tests, the 3000 Hz samples have the highest 
Ecorr value (-0.93 V). However, the MAO coatings produced at 300 Hz, 500 Hz and 
1000 Hz show lower corrosion potential ranging from -1.27 V to -1.26 V.
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Figure 4.2 Corrosion current density o f uncoated AZ31 alloy and MAO coatings 
produced at various pulse frequencies (7 d immersion).
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The most commonly used method to determine the corrosion rates o f coatings is the 
potentiodynamic polarization test [79]. Corrosion rate o f the coatings is determined 
primarily on the basis o f  corrosion current density (Icorr). The lesser the Icorr, the 
smaller is the corrosion rate. From the corrosion current density shown in Figure 4.2，
It can be seen that after 7 days immersion, the Icorr value o f the uncoated A Z31 alloy 
reaches the highest value o f 202.72 jiA/cm2, indicating very poor corrosion resistance. 
All the coated samples, however, have much lower Icorr value than the uncoated A Z31 
alloy. This indicates that the corrosion resistance o f the AZ31 alloy is greatly 
enhanced by the M AO coating. In each case, the Icorr value increases with increasing 
immersion time. The increase o f the Icorr value is relatively much larger after 
immersion o f the samples for more than 5 days. The larger corrosion rate is due to the 
enlarged pores and cracks that may have been formed due to longer immersion. The 
Icorr has a decreasing trend with increasing frequency. After immersing the samples 
for a period o f 7 days, the 3000 Hz treated samples exhibited the lowest corrosion 
current density (3.88 pA/cm2), approximately 50 times slower than that o f the
uncoated A Z 31 alloy.
4.3.1.2 Effect of Applied Voltage
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Figure 4.3 Tafel plots of MAO coatings produced at various applied voltages (7 days
immersion).
The polarization curves for the MAO coatings produced at various applied voltages 
are shown in Figure 4.3. The corrosion potential ( Ecorr) and the corrosion current 
density ( I corr) for the MAO coatings produced at various applied voltages are listed in 
Tables 4.3 and Figure 4.4 respectively.
After immersing the samples in the SBF for a period o f 7 days, the samples produced 
at 250V and 350V show the lowest corrosion potential (-1.27 V). While the 325V 
treated samples show the highest corrosion potential (-0.93 V). This suggests that the
00 1 2 3 4  5 6
Immersion time (d)
samples produced at 325V are less reactive than the other M AO-coated samples. 
Table 4.3 Corrosion potential (V) for MAO coatings produced at various applied
voltages
Immersion time (d) 250V 300V 325V 350V
1 -0.95 -1.09 -1.15 -1.03
5 -1.13 -0.98 -1.11 -1.08
7 -1.27 -1.08 -0.93 -1.27
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Figure 4.4 Corrosion current density o f MAO coatings produced at various applied
voltages (7 d immersion).
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It can be seen from the data presented in Figure 4.4 that the corrosion current density 
increases with increasing immersion time for each sample. After immersing the 
samples for a period of 5 days, the W  value continues to increase more sharply until
7-day immersion. After 7-day immersion, the 250V treated samples show a high lcOTT 
value of 7.57 |iA/cm2. The samples produced at 325V, however, offer a considerable 
corrosion protection (with a lowest corrosion current density of 3.88 |iA/cm2), 
indicating a superior corrosion resistance among this group samples.
4.3.1.3 Effect of Oxidation Time
10"8 1 0 7 1 0 '6 1 0 —5 1 0 '4 1 0 '7 1 0 6 1 0 5 10"4
Current Density (A/cm2) Current Density (A/cm2)
Figure 4.5 Tafel plots of MAO coatings produced at various oxidation times (14 d
immersion).
Figure 4.5 shows the Tafel curves of the MAO coatings produced at various oxidation 
times after immersion in the SBF for 7 and 14 days. The corrosion potential (Ecorr) 
and corrosion current density (Icorr) values are presented in Table 4.4 and Figure 4.6.
The ECorr value decreases with increasing immersion time, irrespective of the 
oxidation times. This indicates that the coated samples are more reactive at longer
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immersion time. The Icorr value increases with the increase of immersion time.
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Table 4.4 Tafel data for MAO coatings produced at various oxidation times.
Sample lmin 3min 5 min 8min
Immersion time 7d 14d 7d 14d 7d 14d Id  14d
E c o r r  ( V ) -1.24 -1.31 -1.2 -1.26 -0.93 -1.03 -1.21 -1.32
I c o r r  (|iA/cm2) 16.14 21.52 9.35 17.93 4.01 10.97 5.26 14.63
From the corrosion current density shown in Fig. 4.6，it can be seen that all the coated 
samples show much lower value than the uncoated AZ31 alloy irrespective o f  the 
immersion time. This indicates that the corrosion resistance o f AZ31 alloy is 
significantly enhanced by the MAO coating technique. For each sample, the Icon- value 
increases with increasing immersion time. After 14-day immersion, the Icorr value 
reaches the highest magnitude (62.1 |iA/cm 2) for the MAO coating produced at 1 min, 
indicating that lesser MAO oxidation time does not produce an efficient protective 
coating on the M g alloy. The MAO coating produced at 5 min has the lowest Icorr 
value, indicating that the coating is the most corrosion resistant when compared to the 
MAO coatings produced at other oxidation times (1 min, 3 min and 8  min).
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Figure 4.6 Corrosion current density o f MAO coatings produced at various oxidation
times (14 d immersion).
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4.3.1.4 Effect of Electrolyte Concentration
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Figure 4.7 Tafel plots of uncoated AZ31 alloys and MAO coatings produced at 
various electrolyte concentrations (28 a immersion).
The Tafel plots of the MAO-coated AZ31 alloys produced at various electrolyte 
concentrations after immersion in the SBF for various durations are shown in Figure 
4.7. The corrosion potential (Ecorr)，the corrosion current density (Icorr) and the Tafel 
slopes (Ba and pc) were obtained by Echem Analyst software, and presented in Table
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Table 4.5 Tafel data o f uncoated A Z 31 alloy and MAO coatings produced at various
electrolyte concentrations.
Immersion time Sample Ecorr (V) (|aAy°cm2)
Pa
(v/decade)
Pc
(v/decade)
20g/L -1.11 9.84 0.588 0.297
7 d
30g/L -0.93 3.88 0.512 0.297
40g/L -1.08 6.75 0.638 0.321
AZ31 alloy -1.32 202.72 3.390 0.745
20g/L -1.28 27.99 1.954 0.422
30g/L -1.03 10.60 0.768 0.264
14d . . _
40g/L -1.24 18.31 1.458 0.375
AZ31 alloy —1.41 294.54 2.494 2.124
20g/L -1.17 21.52 0.626 0.258
30e/L 一 1.13 9.15 0.400 0.197
21 d …
40g/L -1.21 15.69 0.952 0.316
AZ31 alloy -1.33 215.55 1.136 0.589
20g/L -1.17 18.20 1.093 0.331
30e/L -1.01 4.55 0.309 0.146
28 d ___
40g/L -1.15 11.94 1.552 0.289
AZ31 alloy -1.33 209.43 2.183 0.573
It can be seen from Table 4.9 that all the M AO-coated AZ31 alloys have higher Ecorr 
values (-0 .94  — 1.28 V) than those o f the uncoated AZ31 alloy (-1.31 — 1.41 V) at 
each immersion time. This indicates that the M AO-coated AZ31 alloys are relatively 
more stable than the uncoated samples. The M AO-coated samples produced at 30g/L 
electrolyte concentration has a higher Ecorr value than the coatings produced at 20 g/L 
and 40 g/L concentrations, irrespective o f the immersion times. These results suggest 
that samples produced at 30g/L concentration are less reactive than the other two 
samples.
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Figure 4.8 Corrosion current density o f  MAO coatings produced at various 
electrolyte concentrations (28 d immersion).
The plot o f the corrosion current density versus immersion time is also presented in 
Figure 4.8. It can be seen that after 28 days immersion, all the coated samples have 
much lower し  value than the uncoated AZ31 alloy. This suggests that the corrosion 
resistance o f the AZ31 alloy is greatly improved by the MAO coating. For each o f the 
sample, the Icorr value increased with increasing immersion time up to 14 days, and 
then, decreased in the subsequent days. This is due to the formation o f a corrosion 
product layer on the sample surface. The MAO coating produced at 30g/L 
concentration has the lowest corrosion current density (corrosion rate) among all the
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MAO coatings, irrespective o f the immersion time.
Based on the porosity calculation procedure presented in Section 2.4.2，the coating 
porosity (F) is calculated after an immersion o f the samples in the SBF for 7 d, 14 d, 
21 d and 28 d. The results are presented in Figure 4.9. A similar trend could be 
observed for all the three samples coated at the electrolyte concentration o f 20 g/L, 30 
g/L and 40 g/L. The porosity increased as a function o f the immersion time until the 
14th day. W ith a longer immersion time, the porosity decreased sharply from 40.38 to 
13.53% for the 20g/L sample and then decreased rather slowly to 9.75% at the 28th 
day. In comparison, the porosity value is slightly higher than the samples after 7-day 
immersion (8.46%). It is also observed that the 30g/L samples have the lowest 
porosity value among the samples tested. Lower porosity values greatly enhance 
resistance to corrosion.
Immersion time (d)
Figure 4.9 The porosity o f  MAO coatings produced at various electrolyte 
concentrations (28 d immersion).
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4.3.2 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) was used to investigate the corrosion 
behavior o f the M AO-coated specimens and the uncoated AZ31 alloy. For uncoated 
A Z31 alloy, the EIS data can be represented as an equivalent electrical circuit, shown 
in Figure 4.10a. For the coated samples, two equivalent circuits are proposed, shown 
in Figures 4.10b and 4.10c. These equivalent electrical circuits are based on the EIS 
studies on MAO coatings [71，80, 106]. The EIS curves were fit by the equivalent 
circuit shown in Figure 4.11b. In the equivalent circuits, Rs is the solution resistance, 
Rpo is the porous region resistance o f the MAO coating in parallel with constant phase 
element (CPE) Cpo； Rb is the barrier layer resistance o f the MAO coating in parallel 
with Cb； Ret is the resistance o f the barrier layer-substrate interface in parallel with Cdi； 
Rpa is the passive layer resistance in parallel with Cpa.
Capacitors in an EIS experiment often do not behave ideally. Instead, they act as a 
constant phase element (CPE). The impedance (Z) o f a CPE has the form [106]:
Z  = ( l / Y 0) / ( j w  尸 Equation 11
Where, Yo is a CPE constant, j is the imaginary unit ( v  —1 )，co is the angular 
frequency (1 rad/s) o f the sine wave being considered as co=27cf, f  is the frequency in 
Hz. The value o f a  ranges between 0 and 1 • W hen this equation is used to describe a 
capacitor, the constant Yo = C (the capacitance) and the exponent a = l. For a constant 
phase element, the exponent a  is less than one. A "double layer capacitor", on real
cells often behaves like a CPE instead o f a capacitor.
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n gure  4.10 Equivalent electrical circuits used to fit the impedance data for uncoated
AZ31 alloy
(a) ► R.E. SB F (b)
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Figure 4.11 Equivalent circuits for fitting EIS data in a physical model of corrosion 
process o f MAO coated AZ31 alloy immersed in the SBF. (a) 0-0.5h, (b-c) 0.5h-28 d
and (d) >28 d
At the initial corrosion stage, the equivalent circuit (Figure 4.11a) includes two pairs
o f resistors and しPEs-the porous layer and the barrier layer of the coating. Tnis means
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that the SBF is not in contact with the substrate Mg alloy because o f the shorter period 
of immersion. With increasing immersion time, the SBF starts to penetrate the porous 
layer and the barrier layer through the enlarged pores, and gradually move to the 
substrate. Therefore, the pair o f R ct//C d i is added to the equivalent circuit as shown in 
Figure 4.1 lb-c. During these above two stages, the corrosion products are slowly 
formed. The MAO coatings and the corrosion products can suppress the corrosion 
process by inhibiting the diffusion and the transport of the SBF to the substrate. Once 
the MAO coating deteriorates completely, the SBF is entirely in contact with the 
substrate, and would cause the formation of a passive layer on the surface o f the AZ31 
substrate (Figure 4.1 Id).
4.3.2.1 Effect of Pulse Frequency
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Figure 4.12 Bode plots o f uncoated AZ31 alloy and MAO coatings produced at 
various pulse frequencies (7 days immersion).
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The Bode plots o f  the samples after immersion in the SBF for a period o f 7 days are 
presented in Figure 4.11. These samples were produced at various pulse frequencies. 
The corresponding EIS data are presented in Table 4.10. The resistance o f the solution 
(Rs) is very low for all the samples because SBF is very conductive. The global 
impedance o f all the coated samples is much higher than that o f the uncoated A Z 31 
alloy. This indicates that the MAO is an effective coating technique which enhances 
the resistance to corrosion. From Table 4.10, it can be seen that the charge transfer 
resistance (Rct) o f  the MAO coating is approximately 2 times and 5-15 times higher 
than the corresponding value o f resistance o f the porous layer (Rpo) and the barrier 
layer (R b ), respectively. This suggests that the interface layer plays a key role in 
protecting the magnesium alloy from corrosion[71]. In addition, Rpo and Rb decrease 
with increasing immersion time. This is due to the fact that the corrosive SBF enters 
the samples, reacts with the substrate, and enlarges the micropores in the MAO
coating.
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Table 4.6 EIS data for uncoated AZ31 alloy and MAO coatings produced at various
pulse frequencies.
Sample Immersion time (d) Rs (Q.cm2)
Rpo
(Q.cm2) Rb (Cl-cm2)
Rct
(lQ-cm2)
1 75 2317 6941 11658
300Hz 5 80 1012 3026 7215
7 63 236 718 4136
1 134 2576 7738 12507
500Hz 5 143 727 2081 8326
7 35 248 764 6124
1 60 3358 9074 12623
1000Hz 5 16 785 2655 8739
7 75 335 1405 6425
1 73 4097 11291 12302
3000Hz 5 114 1276 3928 7641
7 68 459 1477 5063
1 12 - 1534
AZ31 alloy 5 48 - 349
7 35 - 240
Therefore, the charge transfer resistance (Rct) is the dominating parameter influencing 
the electrochemical impedance o f the coated samples. Figure 4.13 shows the Rct value 
for all the specimens as a function o f the immersion time. A sample with a higher Rct 
value is more resistant to corrosion. It can be observed that all the coated samples 
have shown much higher charge transfer resistance values compared to the uncoated 
AZ31 alloy. It m ay be noted that higher the pulse frequency, the larger is the Rct. 
Therefore, with larger Rct, the coated samples are more resistant to corrosion than the 
AZ31 alloy. The samples produced at 3000Hz have the higher value.
It can also be observed that the Rct value decreases with increasing immersion time. 
Specifically, for the samples coated at 300 Hz, 500 Hz and 1000 Hz, the Rct value 
showed a steep drop after 5-day immersion. The results shown in Figures 4.13 and 4.2 
taken together would suggest that for a constant immersion time, a steep reduction in
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Rct value would indicate a much higher corrosion rate (CR). The steep drop o f the Rct 
value is due to the penetration o f the SBF in the MAO coating through the pores, 
reaching the substrate and thus causing the MAO coating to degrade rapidly. Thus, 
the 3000Hz treated sample demonstrates the slowest degradation among all the coated 
samples, since it has the highest Rct value.
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Figure 4.13 Charge transfer resistance o f uncoated AZ31 alloy and MAO coatings 
produced at various pulse frequencies (7 d immersion).
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Figure 4.14 Bode plots of MAO coatings produced at various applied voltages (7 d
immersion).
The Bode plots of the samples after immersion in the SBF for a period of 7 days are 
presented in Figure 4.14. These samples were produced at various applied voltages. 
The corresponding EIS data are shown in Table 4.11. From the Bode plots, it can be 
seen that the 325V treated samples have the highest total impedance, followed by the
4.3.2.2 Effect of Applied Voltage
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Table 4.7 EIS data for MAO coatings produced at various applied voltages.
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Sample Immersion time (d)
Rs
(fi*cm2)
Rpo
(Q.cm2)
Rb
(fi.cm2) Rct (n.cm 2)
1 83 1092 3286 11658
250V 5 30 1274 3812 7215
7 0 153 489 4136
1 85 1277 3931 12507
300V 5 118 632 1996 8326
7 100 1066 3298 6124
1 73 4097 11291 12623
325V 5 114 1276 3928 7463
7 68 459 1387 6425
1 165 1023 3169 12302
350V 5 147 1249 3947 7641
7 86 697 2291 5063
It can also be observed that the Rct value increases with increasing applied voltage up 
to 325 V, and then decreases for samples produced at 350 V ，irrespective o f the 
immersion times. For a specific applied voltage, however, the Rct value decreases with 
increasing immersion time. At the end o f 7-day immersion, the M AO coating 
produced at 325 V shows the highest value, indicating the slowest degradation rate
among all the Group 2 samples produced at various applied voltages.
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Figure 4.15 Bode plots of uncoated A Z31 alloy and MAO coatings produced at 
various oxidation times (14 d immersion).
The Bode plots o f the samples after immersion in the SBF for a period o f 14 days are 
presented in Figure 4.15. These samples were produced at various oxidation times. It 
can be seen that the global impedance o f all the coated samples is much higher than 
the uncoated AZ31 alloy. This indicates that the MAO is an efficient coating
4.3.2.3 Effect of Oxidation Time
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technique which improves the corrosion resistance.
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Table 4.8 EIS data for MAO coatings produced at various oxidation times.
Sample
Immersion
time
Rs
(Hem 2)
Rp。
(n.cm 2)
Rb
(Q-cm2)
Rct
(n-cm2)
0.5 h 68 1177 17193 -
1-min 7 d 38 408 4685 3326
14 d 28 113 1469 2069
0.5 h 72 1535 28065 -
3-min 7d 12 469 5211 4984
14 d 27 621 2875 2265
0.5 h 69 1853 35707 -
5-min I d 68 659 7834 6929
14 d 30 689 3258 3041
0.5 h 80 1331 20829 -
8-min 7 d 35 542 5048 3988
14 d 66 430 2264 2617
The corresponding EIS data are presented in Table 4.8. The charge transfer resistance 
(Rct) o f all the coatings was higher than the corresponding value o f Rpo and Rb, 
irrespective o f the immersion time. This indicates that the interface layer between the 
barrier layer (dense layer [107]) and the substrate is primarily responsible for 
protecting the M g alloy from corrosion during the immersion duration o f 14 days.
It can be observed from Table 4 that, the Rb values are quite high during the initial 
immersion time and significantly decrease after 0.5 h immersion. This suggests no 
diffusion o f electrolyte through the pores within the short immersion period. The 
value o f Rct for all the samples, irrespective o f the oxidation time at which they were 
produced, showed a decrease with increasing immersion time. A steep decrease in the 
Rct value over the immersion time from 0.5 hour to 14 days suggests that the corrosive 
SBF initially penetrates the porous layer through the micropores, reaching the barrier
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layer and finally reacting with the Mg substrate, thus causing the MAO coated 
samples to degrade rapidly. The samples produced at 5 min have the highest Rct value, 
which indicates that it provides the most resistance to corrosion among these samples.
4.3.2.4 Effect of Electrolyte Concentration
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Figure 4.16 Bode plots o f MAO coatings produced at various electrolyte 
concentrations (28 d immersion).
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Table 4.9 EIS data for MAO coatings produced at various electrolyte concentrations.
Sample
Immersion
time
Rs
(Q. cm2)
Rpo
(Q cm2)
Rb
(Q cm2)
Rct 
(Q cm2)
0.5 h 128 3008 8999
7d 26 115 347 3926
20g/L 14 d 11 95 256 2265
21 d 215 1106 3619 15280
28 d 122 1294 3853 17220
0.5 h 36 3215 9044
7 d 68 156 459 6425
30g/L 14 d 30 119 351 3730
21 d 177 1811 4832 19050
28 d 122 1847 5240 22930
0.5 h 119 2953 8860
I d 39 161 394 5760
40g/L 14d 26 12 337 3155
21 d 118 1387 4160 15970
28 d 98 1617 4850 21390
The Bode plots o f  the samples after immersion in the SBF for a period o f 28 days are 
presented in Figure 4.16. These samples were produced at various electrolyte 
concentrations. From the EIS data presented in Table 4.9，after immersion o f the 
sample for a period o f 0.5 hour, the samples produced at 30g/L o f electrolyte 
concentration show the higher Rb value. The Rct value shows a decrease with 
increasing immersion time till 14 d, irrespective o f the electrolyte concentrations. The 
Rct value increases after 14 days till the end o f  the test. The increase in the Rct value 
from day 14 to day 28 suggests that the corrosion product layer (passive layer) 
deposited on the surface o f the samples inhibits the corrosive SBF from contacting 
with the substrate. The passive layer causes the MAO coated samples to degrade
slowly and keep a steady level till the end o f the 28th day. The sample produced at the
72
electrolyte concentration of 30 g/L has a higher Rct value than the 20g/L and 40g/L 
samples, irrespective o f immersion time, thus indicates that the 30g/L sample has the 
best resistance to corrosion.
4.4 Post-corrosion Surface Characterization
The changes in the surface micro morphology o f a sample were observed by an 
Olympus BX60 optical microscope and SEM after the immersion o f the samples for 
various durations. The changes in the surface macrograph were recorded by a digital 
camera at the end o f the corrosion tests to evaluate the extent o f  the corrosion damage.
A PanAlytical Axios dispersive X-Ray Fluorescence (XRF) instrument was used for 
analysis o f the quantitative element concentration o f the corroded samples. The 
compositions o f the corrosion products were determined by the X-ray diffraction 
(XRD) method using an X'Pert PRO diffractometer.
4.4.1 Macroscopic Appearance 
In this section, the effects o f the MAO control parameters (pulse frequency, applied 
voltage, electrolyte concentration and the oxidation time) on the macroscopic 
appearances after immersion in the SBF for various durations are presented. The 
macroscopic appearances were obtained at the end o f each immersion test.
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4.4.1.1 Effect of Pulse Frequency
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Figure 4.17 Sample appearance o f uncoated AZ31 alloy and MAO coatings produced 
at various pulse frequencies (7 d immersion): (a) 300 Hz, (b) 500 Hz, (c) 1000 Hz, (d)
3000 Hz and (e) AZ31 alloy.
The surface appearances o f  the uncoated A Z 31 alloy and the MAO coatings produced 
at various pulse frequencies after immersion in the SBF for 7 days are shown in 
Figure 4.17. It can be clearly seen that the extent o f  corrosion damage is significantly 
reduced for MAO coating (Figure 4.17a-d) as compared to uncoated AZ31 Mg alloy 
(Figure 4.17e). The corroded surface o f the M AO coating produced at 3000 Hz is 
much smoother with few local corrosion pits except on the top right o f the sample.
5 mm
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(b) 300V
5 mm
(d) 350V
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4.4.1.2 Effect of Applied Voltage 
(a) 250V
5 mm
(c) 325V
The 300 Hz sample has the most local pits and shows delamination. Therefore, it can 
be concluded that the MAO coating produced at 3000 Hz is more corrosion resistant 
than those produced at 300 Hz, 500Hz andlOOOHz respectively.
Figure 4.18 Sample appearance o f MAO coatings produced at various applied 
voltages (7 d immersion): (a) 250 V，(b) 300 V, (c) 325 V and (d) 350 V.
The surface appearances o f the MAO coatings produced at various applied voltages 
after immersion in the SBF for 7 days are shown in Figure 4.18. Formation of 
numerous precipitates on the surface o f the sample produced at 250 V can be 
observed. In addition, the sample surface is very rough with various pits and scratch. 
This is due to the fact that this sample has the thinnest coating. The MAO coating 
produced at 350 V shows a local corrosion flaking at the edge o f the sample. The 
MAO coating produced at 325 V displays a lesser level o f delamination and flaking. 
Thus, it seems that the coating produced at 325V is more resistant to corrosion than
those produced at other operating conditions.
4.4.1.3 Effect of Oxidation Time
The macroscopic appearances o f the MAO coatings produced for various oxidation 
times after immersion in the SBF for 14 days are shown in Figure 4.19. It can be 
observed that the extent o f corrosion damage is significantly reduced with increasing 
oxidation time (up to 5 min). When oxidation times increase to 8  min, more local 
flaking occurred. The 1-min sample corroded most severely resulting in localized 
corrosion flake from the edges o f  the sample, and a large amount o f deeper corrosion 
pits appeared on the surface. Localized edge corrosion flakes are also found in the 3- 
min and 8 -min samples. 5 -min sample has the fewest corrosion flakes and presents the 
best corrosion resistance.
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d) 8 min
5 mm
Figure 4.19 Sample appearance o f MAO coatings produced at various oxidation times 
(14 d immersion): (a) 1 min, (b) 3 min, (c) 5 min and (d) 8  min.
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4.4.1.4 Effect of Electrolyte Concentration 
a) 20g/L
.ハ " . . •ニ、 、•：
c) 40g/L
Figure 4.20 Sample appearance o f MAO coatings produced at various electrolyte 
concentrations (28 d immersion):⑷  20 g/L, (b) 30 g/L and (c) 40 g/L.
The surface appearances of Group 4 samples after immersion in the SBF for 28 days 
are shown in Figure 4.20. These samples were produced at various electrolyte 
concentrations. The extent o f the corrosion damage o f the samples is less with 
increased electrolyte concentration to 30 g/L, while the sample produced at higher 
concentration (40 g/L) shows a larger extent o f  damage. The 20 g/L sample corroded 
most severely from localized corrosion flaking at the edges o f the sample, and a large 
deeper corrosion pit formed on the surface. The localized flaking is also found in the 
40g/L sample. The coating produced at 30g/L has the fewest corrosion flakes, thus 
provides the best resistance to corrosion.
4.4.2 Surface Micrographs
In this section, the effects o f  the MAO control parameters (pulse frequency, applied
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voltage, electrolyte concentration and the oxidation time) on the surface micrographs 
after immersion in the SBF for various durations are presented.
4.4.2.1 Effect of Pulse Frequency
Figure 4.21 Surface micrographs o f uncoated AZ31 alloy and MAO coatings 
produced at various pulse frequencies (7 d immersion).
The optical surface micrographs o f the samples (Figure 4.21) were taken after 
immersion in the SBF for 7 days. The micrographs show the differences in the extent
e1) AZ31 1d
o f damage due to corrosion o f  the uncoated AZ31 alloy and the MAO coatings. The 
MAO coating (Figure 4.21a-d) enhances the resistance to corrosion o f the AZ31 alloy 
(Figure 4.2 le). For each specimen, increasing immersion time results in larger extent 
o f  corrosion with more fractures, cracks, holes and pits. As it can be observed, at day 
1, the surfaces o f all the coated samples are full o f  numerous small pinholes. As the 
reaction proceeds, cracks, fractures and pits are formed gradually. After 5-days 
immersion, more cracks can be observed in the 300Hz specimen (Figure 4.2 la2) 
compared to the other coated specimens. At the end o f 7-day immersion, severe 
fractures and deep large pits are formed in the 300Hz and the 500Hz specimens 
(Figures 4.21a3-b3). Overall, the 3000 Hz samples (Figures 4.21 dl-d3) show 
relatively uniform micrographs with fewer fractures and shallower corrosion pits, thus, 
endowing the AZ31 alloy with greatly enhanced resistance to corrosion. The 
micrographs presented above correlate very well with the Tafel and EIS results.
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4A.2.2  Effect of Applied Voltage
Figure 4.22 Surface micrographs o f MAO coatings produced at various applied
voltages (7 d immersion).
The optical surface micrographs o f the Group 2 samples after 7 days immersion are 
shown in Figure 4.22. Group 2 samples were produced at various applied voltages. 
The micrographs show the extent o f  damages due to corrosion on the MAO coating 
produced at various voltages. Due to corrosion, a few deeper pits and longer cracks 
can be observed on the surface o f the samples produced at 250 V (Figure 4.22a). The 
samples produced at 350 V displayed numerous deeper pits than that can be observed
on samples produced at 300V and 325V. A relatively uniform surface with fewer
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cracks and pits is observed on the 325V samples, thus endowing the A Z31 alloy with 
greatly enhanced resistance to corrosion. Among the four samples, the samples 
produced at 325 V exhibit the best resistance to corrosion. The observation from the 
micrographs correlates very well with the Tafel and EIS results.
4.4.2.3 Effect of Oxidation Time
Figure 4.23 Surface micrographs o f MAO coatings produced at various oxidation
times (14 d immersion).
The optical surface micrographs o f the MAO coatings after immersion in the SBF for 
a duration o f 14 days are shown in Figure 4.23. The micrographs show the extents in
the corrosion damage on the MAO coatings produced at various oxidation times. For
the 0.5 h immersion, the images exhibit a typical porous microstructiire without any
fractures. After a 7-d immersion (Figures 4.23 a2, b2 and c2), it can be clearly 
observed that more fractures, cracks and pits have formed on the surface o f all the 
samples. A 5-min sample shows fewer fractures, smaller pits and cracks, thus 
endowing the AZ31 alloy with greatly enhanced resistance to corrosion. W hen the 
immersion time increased to 14 days, the corrosion produced larger fractures, cracks 
and deeper pits. The MAO coating produced at an oxidation time o f 5 min provides 
the best resistance to corrosion. The observation from the micrographs correlates very 
well with the Tafel and EIS results.
4.4.2A  Effect of Electrolyte Concentration
Figure 4.24 Surface micrographs o f MAO coatings produced at various electrolyte 
concentrations (28 d immersion).
The optical surface micrographs o f the samples after immersion in the SBF for a
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duration o f  28 days are shown in Figure 4.24. These samples were produced at 
various electrolyte concentrations. Absence o f cracks and fractures can be observed 
after an initial immersion o f  0.5 h. The corrosion damage level o f  the samples 
continues to increase after 14-day immersion. The extent o f damage is the highest for 
each coated sample with numerous fractures, cracks and pits. However, with 
immersion time extended to 28 days, smaller fractures, cracks and pits can be 
observed on the ample surface. The sample coated at 30 g/L shows relatively fewer 
fractures, smaller pits and cracks, thus, endowing the AZ31 alloy with greatly 
enhanced resistance to corrosion. The observation from the micrographs correlates 
very well with the Tafel and EIS results.
83
Figure 4. 25 Low-magnification (180 X) SEM images o f M AO-coated AZ31 alloy 
produced at 30g/L after immersion in SBF for: (a) 7 d, (b) 14 d, (c) 21 d and (d) 28 d.
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Figure 4. 26 High-magnification (1000 X) SEM images o f M AO-coated AZ31 alloy 
produced at 30g/L after immersion in SBF for: (a) 7 d, (b) 14 d, (c) 21 d and (d) 28 d.
The SEM morphologies o f the 30g/L sample after immersion in the SBF for various 
durations are shown in Figures 4.25 and 4.26. The morphologies show the differences 
in the extent o f corrosion damages o f the MAO coatings after various immersion 
durations. From the images produced at low magnification, shown in Figure 4.25, it 
can be observed that for the 7 days o f immersion, cracks and pits due to corrosion are 
formed. W ith an immersion time o f 14 days, larger fractures, cracks and deeper pits
can be observed. The level o f  corrosion damage on the samples after 14-day
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immersion is significant. After 21 days immersion, it can be clearly observed that the 
sample surface is partially coated with a corrosion product layer (Figure 4.25c). This 
corrosion product layer reduces further damage due to corrosion. At the end o f 28 
days immersion, the formation o f the corrosion product layer on the sample surface is 
complete (Figure 4.25d). From the SEM images at high magnification, shown in 
Figure 4.26, it can be seen that the number, size o f the fractures increase as a function 
o f immersion time from 7 to 14 days. However, after 21 days immersion, the fractures 
are partially filled with the corrosion products. At the end o f the 28days immersion, 
the entire surface is smoother with few smaller cracks.
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4.4.3 XRD Analysis after Corrosion
a)
300Hz
7-day immersion
4 3
20
… 丁,..
30 40
...... 1 ■ 丨/v、 てL A 3 ______N一 \
1000Hz 1^3----------------一ビ、'、___ 4、3 L 5_  1
%3000Hz 443 為 1
50 70 80
20 (deg.)
26 (deg.)
20 (deg.)
20 (deg.)
d)
20g/L
5
m J 3
7-day immersion
30g/L
卓
2^5 1
40g/L
5!6
.ぬ 43
AZ31
石
夢3 3 —— —i ■ .1 ....
20 30 40 50 60 70 80
20 (deg.)
Figure 4.27 XRD spectra o f MAO coatings produced at various (a) pulse frequency 
(b) applied voltage (c) oxidation time and (d-e) electrolyte concentration. (1) Mg; (2) 
MgO; (3) M g(OH ) 2 (brucite); (4) M g3 (P0 4 )2； (5) Mg4 A12 (C 0 3 )(0 H ) 12 *3H20  
(Quintinite); (6 ) Cai0 (PO4 )6 (OH ) 2  ( Hydroxyapatite).
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The XRD spectra o f the MAO coatings produced at various control parameters are 
shown in Figure 4.27. It can be seen that the MAO control parameters has negligible 
effect on the phase composition o f the corroded surface. The corroded surface o f the 
uncoated AZ31 alloy is composed o f Mg, brucite -Mg(OH)2 ， quintinite and 
hydroxyapatite (HA)-Ca10 (PO4 )6 (OH)2. The magnesium is from the substrate. Brucite, 
quintinite and hydroxyapatite, however, are the corrosion products. For the MAO 
coatings, the corroded surface is comprised o f MgO and M g3 (PC>4 )2 ，in addition to Mg, 
brucite, quintinite and hydroxyapatite. The magnesium oxide and the M g 3(PC>4 ) 2  are 
constituents o f the MAO coating. The magnesium oxide peaks are weak and are only 
found at approximately 62.3 degree. This is due to the conversion o f MgO to 
M g(OH ) 2  phase. It can be observed from the XRD patterns that the main phase 
composition o f the samples after a total o f  28 -day  immersion (Figure 4.27e) is similar 
to that o f  the samples after 7 days immersion (Figure 4.27b). The components o f Mg 
and MgO phases are not detected after 28 days immersion due to the conversion o f 
MgO to M g(OH ) 2  phase. The difference in the peaks o f the biocompatible 
hydroxyapatite is evident at 20—30° for the 30g/L and the 40g/L samples.
The products o f corrosion such as M g(OH)2, quintinite and hydroxyapatite are 
generated in the SBF due to the following reactions:
M g + 2H 20  = M g(O H )2 + 个 
M g 0 + H 20  = M g(O H )2 
4 M ^ + + 2A l3+ + H C 0；+ 130H - + 2H 20 - ^ M g 4Al2(C 0 3) ( 0 H ) I2-3H 20  
10Ca2+ + 6PO /~ + 2 0 H -1 =  CaI0(PO 4 )6(O H )2
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4.4.4 XRF Analysis after Corrosion
In order to determine the Ca/P ratio in the HA on the corroded samples, a XRF 
analysis was conducted. An example o f the dispersive XRF spectrum o f the MAO 
coated AZ31 alloy after 14-day SBF immersion is shown in Figure 4.28. A Ca/P ratio 
o f 1.67 is generally accepted for good biocompatibility and bioactivity [108-111]. The 
Ca/P ratios in the MAO coated samples are presented in Table 5. It can be seen that 
the ratio o f  Ca/P in the HA ranges from 1.58 to 1.65, which is slightly lower than 1.67. 
This may be due to the fact that one part o f the phosphorous in the coated samples 
comes from the coating constituent Mg3 (PC>4 )2 . Based on the generally accepted ratio 
(1.67), it seems that the HA formed on the corroded samples is an acceptable 
biocompatible and bioactive supplement/implant.
Table 4.10 The Ca/P ratio in the MAO coated samples determined by XRF.
Samples 1-min 3-min 5-min 8-min
Ca/P ratio 1.58 1.62 1.65 1.63
Samples 20g/L 30g/L 40g/L
Ca/P ratio 1.63 1.65 1.64
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Figure 4.28 An example of dispersive XRF spectrum o f MAO coating produced at 
3000 Hz after 7-day immersion in the SBF.
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Chapter 5: Modeling of Long-term Corrosion Rate and Corrosion Mechanism
The effects o f the long-term immersion on the corrosion behavior o f  the M AO-coated 
M g alloys produced at various electrolyte concentrations are discussed in Chapter 4. 
In this chapter, a predictive model for the long-term corrosion rate and a model for 
long-term corrosion behavior are presented.
5.1 Predictive Model of Corrosion Current Density and PCA
A regression equation based on the calculated corrosion rate and the selected variables 
is developed to model the long-term corrosion rate. The regression equations between 
the corrosion rate as a function o f  applied voltage, oxidation time and electrolyte 
concentration are third-order polynomials. The equations are, however, second-order 
polynomials for the pulse frequency and the immersion time. Based on the regression 
equations, the proposed mathematical model for the corrosion rate is:
Y= (axi3 +bx 12 +cxi)+(dx2 2+ex2 )+(fx32 +gx3)+(hx4 2+ix4)+
(jx54 +kx5 3+lx52+mx5)+n Equation 12
Where, Y represents the corrosion rate. The variables xi, X2 , X3 , X4  and X5 denote the 
pulse frequency, applied voltage, oxidation time, electrolyte concentration and the 
immersion time, respectively. The raw (measured) data for non-linear multi-variable 
regression for corrosion rate are presented in Appendix C. The constants a, b，c, d, e, f, 
g, h, i, j , k，1, m and n are the regression coefficients, and the values o f  these 
coefficients are obtained by least squares regression. The coefficient values o f  the 
predictive model are shown in Table 5.1.
▲ Measured corrosion current density 
S im ulated corrosion current density
Ra2 = 0.9021
300Hz 500Hz 1000Hz 3000Hz
250V ； 300V 350V
1min 丨 3min 8min
20g/LA： 40g/L ：
”  !
0 10 20 30 40 50 60 70 80 90 100 110 120
No. of points
Table 5.1 The regression coefficients for the predictive model o f corrosion rate
a
-4.80E-H
b
2.24E-07
c
-2.75E-04
d
4.47E-06
e
-2.86E-03
f
3.89E-07
g
-2.12E-04
h
1.36E-04
i
-8.98E-03
j
2.49E-09
k
-7.87E-07
I
8.48E-05
m
-3.33E-03
n
7.99E-01
For a comparison, the measured and the simulated corrosion rates are presented in 
Figure 5.1. The coefficient o f  multiple determination (R2=0.9021) is very high, thus, 
suggesting that the predictive model accurately reflects the measured data. The 
predictive model for the corrosion rate is written in Visual Basic programming 
language. The program panel is shown in Figure 5.2 and the entire program code is 
listed in appendix B.
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Figure 5 .1 The model plot o f  measured and simulated corrosion current density of
M AO-coated AZ31 Mg alloys.
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Figure 5.2 Executable program panel to predict the corrosion rate.
In order to identify any underlying patterns in the data, and to identify the 
contribution o f each o f the control parameters, a principal components analysis (PCA) 
was conducted. The results o f the PCA are shown in Tables 5.2 and 5.3. It can be seen 
that the ranked eigenvalue o f pulse frequency, one o f the control parameters, is the 
highest (1.126). Together with the Tafel, EIS, post-test surface analysis and the PCA, 
it can be concluded that pulse frequency is the dominant factor towards resistance to 
corrosion.
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Table 5.2 Eigenvector o f five parameters for the modeling o f corrosion rates.
Pulse Applied Oxidation Electrolyte Immersion
frequency voltage time concentration time
Pulse frequency 0.737 -0.128 0.000 0.000 0.664
Applied voltage -0.629 -0.489 0.000 0.000 0.604
Oxidation time -0.248 0.863 0.000 0.000 0.441
Electrolyte
0.000 0.000 1.000 -0.021 0.000
concentration
Immersion time 0.000 0.000 0.021 1.000 0.000
Table 5.3 Eigenvalues o f the eigenvector shown in Table 5.2.
Pulse
frequency
Applied
voltage
Oxidation
time
Electrolyte Immersion 
concentration time
Eigenvalue 1.126 1.030 1 . 0 0 0 1 . 0 0 0 0.844
Variability (%) 22.514 20.609 20.000 20.000 16.877
Cumulative (%) 22.514 43.123 63.123 83.123 100.000
5.2 M odeling of Corrosion Mechanism
Long-term immersion test was conducted for the M AO-coated A Z 31 alloy produced 
at various electrolyte concentrations. The Tafel and EIS results, the post-test specimen 
surface and microstructural analysis have been discussed earlier. Based on those 
results and general corrosion principle, a schematic diagram o f the corrosion process 
in SBF o f M AO-coated AZ31 alloy is presented in Figure 5.3.
The coating produced on the AZ31 alloy is composed o f two layers [112]: a 5〜 10 |im 
outer porous layer and a dense inner layer. It m ay be seen from Figure 5.3 a, the outer 
porous layer has several large-sized, deep pores or cavities. Some pores start from the 
outermost surface while the other exists within this layer. The underneath layer is 
denser with fewer micropores.
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W hen the MAO coated sample was immersed into the SBF, the MgO constituent on 
the outermost surface starts to react with the corrosive solution and converts to 
M g(OH ) 2  (Figure 5.3 b). The amount o f this corrosion product is not significantly 
large at the initial immersion due to the smaller amount o f MgO than the magnesium 
in the substrate.
In addition to the deposit o f M g(OH)2 , the hydroxyapatite is found on the surface of 
the samples (Figure 5.3b). Understanding o f the precipitation o f hydroxyapatite is 
extremely important for MAO coated M g alloys in biomedical applications. This 
hydroxyapatite is the implant material due to its excellent biocompatibility and 
bioactivity [113]. The formation o f the hydroxyapatite in the SBF is self-generated 
after a certain length o f immersion [59]. It has been reported that if  a material is able 
to have ‘apatite，formed on its surface in SBF, when implanted, the ‘apatite，produced 
on its surface in the living body, and will bond to living bone through this apatite 
layer[59]. The hydroxyapatite has been observed to be formed on the MAO coatings 
after immersion in the SBF. Thus, if  the MAO coated Mg alloy is implanted to the 
human body, the hydroxyapatite would be produced in the living body and will bond 
to the living bone. Therefore, the SBF solution takes significant effect on the 
corrosion behavior o f MAO coated M g alloys. The SBF would be very useful to 
predict the in-vivo bioactivity for the MAO coatings on the Mg alloys for biomedical 
applications.
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Figure 5.3 Schematic diagram of the corrosion process and mechanism of MAO 
coated A Z31 Mg alloy after immersion in the SBF.
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W ith the ongoing reactions, the pores in the outer layer slowly enlarge. Therefore, the 
solution SBF solution goes through outer layer and reaches the inner dense layer, as 
well as the interface between the dense layer and the AZ31 substrate (Figure 5.3 b- 
c).The time to penetrate from the outermost surface layer to the interface takes longer 
because o f  small micropores in the dense layer. This indicates that the protective 
function o f the MAO coating is primarily due to the dense layer. At the same time, 
more and more hydroxyapatite is deposited on the outermost surface o f the MAO 
coating, so that a corrosion product layer is formed (Figure 5.3d).
Once the corrosive SBF solution reaches the interface layer, the substrate is easily 
corroded. M agnesium reacts with the SBF solution, and more Mg(OH ) 2 is produced 
with gas bubbles rising and a new corrosion product quintinite is formed as precipitate 
(Figure 5.3e). I f  the SBF penetrates all the pores on the coating and reaches the 
substrate, fast degradation occurs. W ith increasing the immersion time, the MAO 
coating layer loses the support o f the substrate and detaches from the substrate (Figure
5.3 e-f). More precipitates including hydroxyapatite, brucite and quintinite are 
accumulated on the interface layer (Figure 5.3 g). A thin passive layer is formed on 
the substrate. Therefore, when the corrosion continues, this passive layer will become 
relatively thicker (Figure 5.3 h).
The hydroxyapatite, however, would behave differently since hydroxyapatite will 
bond to the living bone. The detached MAO coating layer and the precipitate layer 
may lead to several unexpected side effects. Further research is warranted in this area 
including the development o f a suitable MAO coating which will dissolve in the 
human body without any side effects.
100
Generally the extent o f  corrosion damage o f MAO coated M g alloy in the SBF 
depends on the size, depth and the number o f micropores on the outermost surface 
layer o f the MAO coatings, the uniformity o f the coatings and the thickness o f  the 
dense layer. Additionally the corrosive simulated body fluid has a significant effect on 
the corrosion performance o f MAO coated Mg alloy.
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Chapter 6: Conclusions and Future Work
6.1 Conclusions
This research has investigated the residual stresses and the corrosion behavior o f the 
M AO-coated AZ31 magnesium alloys in simulated body fluid for biomedical 
applications. It was found that the corrosion resistance o f MAO-coated M g alloys can 
be improved by optimizing the MAO control parameters.
The SEM images showed typical porous surface morphologies or MAO coatings. The 
phase o f the MAO coating is prim arily composed o f Mg, MgO, MgAUC^ and 
M g3 (PC>4 )2 . The post-corrosion XRD spectra indicate that brucite, quintinite and 
hydroxyapatite, by-products o f  the coating are formed on the corroded surfaces. The 
formation o f HA indicated that simulating corrosion behavior o f the samples in SBF 
is essential to predict the in-vivo bioactivity o f  MAO coated M g alloys for biomedical 
applications. The ratio o f  Ca/P in the HA determined by the XRF technique is close to 
1.67，suggesting that the HA formed on the corroded samples is an acceptable 
biocompatible and bioactive supplement/implant.
The residual stresses in the MAO coating are compressive and in the range o f -611 to 
-1272 MPa. The magnitude o f the residual stresses in the MAO coating are closely 
related to the porosity and the thickness o f  the coating. A relationship between the 
residual stresses and the porosity and thickness o f the coating was developed using 
the Stoney equation. This equation extrapolates the influence o f the MAO parameters 
on residual stresses.
Potentiodynamic polarization results indicates that with increasing immersion time,
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the corrosion rate o f the M AO-coated samples increases during the first 14 days, and 
then decreases in the subsequent days. EIS results indicate that the charge transfer 
resistance is consistent with the corrosion rates.
Together with the Tafel, EIS, post-test surface analysis results, it can be concluded 
that MAO control parameters o f  3000 Hz (pulse frequency), 325V (applied voltage), 
30g/L (electrolyte concentration) for 5 min (oxidation time) produce the optimum 
coating with best corrosion resistance and lowest residual stress. These results show 
the prospect for optimization o f  the process variables, surface properties and 
biocompatibility.
The proposed equations correlates well the experimental data o f residual stress and 
the corrosion current density within the bounds o f the data collected. Validation o f the 
results beyond the bounds o f the data is still needed. A principal components analysis 
o f  the control parameters shows that pulse frequency has the dominant role on the 
residual stress and the corrosion rate.
The proposed animation model accurately presents the corrosion processes and the 
corrosion mechanism o f the M AO-coated AZ31 M g alloys in the SBF. The original 
MAO coating and the formation o f corrosion product layer on the sample after long­
term immersion effectively inhibited the SBF from penetrating the substrate.
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Future work is needed to expand the scope o f the current research. The following are 
few suggestions for future research:
6.2.1 Biodegradable and Biocompatible Coating
During corrosion, the Mg alloys continue to degrade and eventually, the alloy is 
completely dissolved. The insoluble coating constituents (M gAl20 4  and M g3 (P0 4 )2 ) 
and the corrosion precipitates (brucite, quintinite and hydroxyapatite) are, however, o f 
significant concern since these byproducts are not biodegradable. As the AZ31 Mg 
alloy corrodes away, the MAO coating layer and the precipitation layer will lose the 
support o f the substrate and will further detach from the substrate. The detached 
fragments will remain, unless removed otherwise in the human body. The 
hydroxyapatite, one o f the products o f  corrosion, however, behaves differently 
because the hydroxyapatite bonds to the living bone. The detached MAO coating 
layer and the precipitate layer m ay lead to several undesirable side effects. Therefore, 
a biodegradable coating with biocompatibility is needed for developing any M g alloy 
for biomedical applications. If  hydroxyapatite is the only byproduct, then the alloy 
would be more biocompatible. An approach to this challenge is in the development o f 
a metal matrix composite that is made o f magnesium alloy with hydroxyapatite 
particles as reinforcements. Further research is warranted in this area including the 
development o f a suitable coating which would dissolve in the human body without 
any significant side effects.
6.2.2 Stress Corrosion Cracking 
Another important consideration for the MAO coated samples for biomedial implants
6.2 Future W ork
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is the behavior o f the material under tension or compression. In real application, the 
MAO A Z 31 implant is in actuality under a level o f  stress. The compressive residual 
stress is induced during the MAO process. A larger (compressive) stress is 
detrimental to the corrosion rate. The corrosion behavior o f the MAO coated samples 
in SBF under a varying external stresses has not been studied. The externally 
induced stress is different from the intrinsic stress that arises in the fabrication 
process.
An implant employed in the human body must have sufficient strength to sustain and 
transmit the repeated loading actions resulting from joints and muscular forces. The 
mechanical stress along with the corrosive physiological environment poses further 
complications, such as stress corrosion cracking (SCC). SCC is considered to be one 
o f the most dangerous forms o f corrosion-assisted failures. SCC may be o f particular 
concern for devices such as pins and screws that are used for securing orthopaedic 
implants. SCC may cause an unexpected or sudden catastrophic failure. Such sudden 
failures caused by the SCC o f an implant m ay have serious consequences, such as 
removal o f the failed device, and painful irritation or inflammation o f surrounding 
tissues. Magnesium alloys are susceptible to SCC in chloride environment [114-116]. 
However, there are only few studies on SCC o f magnesium alloys in physiological 
environment [117, 118]. Therefore, further research on SCC o f AZ31 alloy in SBF is 
needed.
6.2.3 Longer immersion time
In order to verify the corrosion process and the corrosion mechanism proposed in this
research, longer immersion time is needed in the future work.
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Appendix A: Sample as Received
Groし
■ I
i
 !!■  n
Group 3
翻國
— 戶  
■  ■
Group 4
■  ■
-  log-r ~
AZ31
AZ31
3min
325V
■  ■  
350V
□  ロ
5m in
■  ■  
■  ■
8min
□  ロ
30g/l 
■  ■
■  ■
40g/l
Appendix B: Raw Data for Regression o f Residual Stress
Xl
Pulse frequency 
(Hz)
x2
Applied voltage 
(V)
x3
Oxidation time 
(sec)
X4
Electrolyte 
concentration (g/L)
Y
Residual stress 
(MPa)
300 325 300 30 -1272
500 325 300 30 ■1178
1000 325 300 30 -1032
3000 325 300 30 -611
3000 250 300 30 -1254
3000 300 300 30 -728
3000 325 300 30 -611
3000 350 300 30 -789
3000 325 300 20 -1206
3000 325 300 30 -611
3000 325 300 40 -837
3000 325 60 30 -1152
3000 325 180 30 -834
3000 325 300 30 -611
3000 325 480 30 •996
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Appendix C: Raw Data for Regression o f Corrosion Current Density
Xl
Pulse
frequency
(Hz)
x2
Applied
voltage
(V)
x3
Oxidation
time
(sec)
x4
Electrolyte
concentration
(g/L)
x5
Immersion
time
(h)
Y
Corrosion
current
density
(jiA/cm2)
300 325 300 30 24 4.82
300 325 300 30 48 5.30
300 325 300 30 72 5.92
300 325 300 30 96 6.46
300 325 300 30 120 7.00
300 325 300 30 144 11.02
300 325 300 30 168 15.87
300 325 300 30 336 20.57
300 325 300 30 504 16.05
300 325 300 30 672 13.50
500 325 300 30 24 3.13
500 325 300 30 48 3.45
500 325 300 30 72 3.91
500 325 300 30 96 4.32
500 325 300 30 120 4.97
500 325 300 30 144 7.46
500 325 300 30 168 9.87
500 325 300 30 336 18.19
500 325 300 30 504 13.85
500 325 300 30 672 11.30
1000 325 300 30 24 2.50
1000 325 300 30 48 2.57
1000 325 300 30 72 2.65
1000 325 300 30 96 2.83
1000 325 300 30 120 2.89
1000 325 300 30 144 3.59
1000 325 300 30 168 4.74
1000 325 300 30 336 15.76
1000 325 300 30 504 11.02
1000 325 300 30 672 9.14
3000 325 300 30 24 1.64
3000 325 300 30 48 1.71
3000 325 300 30 72 1.80
3000 325 300 30 96 2.07
3000 325 300 30 120 2.15
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3000 325 300 30 144 2.49
3000 325 300 30 168 3.88
3000 325 300 30 336 10.6
3000 325 300 30 504 9.15
3000 325 300 30 672 4.55
3000 250 300 30 24 2.92
3000 250 300 30 48 3.31
3000 250 300 30 72 3.81
3000 250 300 30 96 3.99
3000 250 300 30 120 4.45
3000 250 300 30 144 5.36
3000 250 300 30 168 7.57
3000 250 300 30 336 17.46
3000 250 300 30 504 14.29
3000 250 300 30 672 8.96
3000 300 300 30 24 1.90
3000 300 300 30 48 2.05
3000 300 300 30 72 2.32
3000 300 300 30 96 2.71
3000 300 300 30 120 2.88
3000 300 300 30 144 4.03
3000 300 300 30 168 5.01
3000 300 300 30 336 13.90
3000 300 300 30 504 11.35
3000 300 300 30 672 5.65
3000 350 300 30 24 2.23
3000 350 300 30 48 2.45
3000 350 300 30 72 2.94
3000 350 300 30 96 3.20
3000 350 300 30 120 3.54
3000 350 300 30 144 4.58
3000 350 300 30 168 6.31
3000 350 300 30 336 14.95
3000 350 300 30 504 12.69
3000 350 300 30 672 7.99
3000 325 60 30 24 4.23
3000 325 60 30 48 4.80
3000 325 60 30 72 5.32
3000 325 60 30 96 5.85
3000 325 60 30 120 6.41
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3000 325 60 30 144 10.70
3000 325 60 30 168 15.33
3000 325 60 30 336 20.44
3000 325 60 30 504 18.60
3000 325 60 30 672 15.44
3000 325 180 30 24 3.15
3000 325 180 30 48 3.94
3000 325 180 30 72 4.46
3000 325 180 30 96 5.08
3000 325 180 30 120 5.36
3000 325 180 30 144 6.96
3000 325 180 30 168 9.08
3000 325 180 30 336 17.43
3000 325 180 30 504 12.65
3000 325 180 30 672 9.53
3000 325 480 30 24 2.03
3000 325 480 30 48 2.29
3000 325 480 30 72 2.79
3000 325 480 30 96 3.15
3000 325 480 30 120 3.39
3000 325 480 30 144 4.39
3000 325 480 30 168 5.35
3000 325 480 30 336 14.89
3000 325 480 30 504 11.29
3000 325 480 30 672 7.69
3000 325 300 20 24 4.25
3000 325 300 20 48 4.48
3000 325 300 20 72 4.69
3000 325 300 20 96 4.92
3000 325 300 20 120 5.17
3000 325 300 20 144 6.88
3000 325 300 20 168 9.84
3000 325 300 20 336 27.99
3000 325 300 20 504 21.52
3000 325 300 20 672 18.2
3000 325 300 40 24 2.13
3000 325 300 40 48 2.84
3000 325 300 40 72 2.98
3000 325 300 40 96 3.38
3000 325 300 40 120 3.62
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3000 325 300 40 144 4.93
3000 325 300 40 168 6.75
3000 325 300 40 336 18.31
3000 325 300 40 504 15.69
3000 325 300 40 672 11.94
Appendix D: Program Code for Predictive Model
D. 1 Program Code for Predictive Model o f Residual Stress
P u b l i c  Cl a s s  Forml
Pr i v a t e  Sub T e x t B o x l — T e x t C h a n g e d ( B y V a l  sen d e r  As System.Object, 
B yV a l  e As Syste m . E v e n t A r g s )  H a n d l e s  T x t R e s u l t .T e x t C h a n g e d  
T x t R e s u l t .B a c k C o l o r  = C o l o r .W h i t e
E n d  Sub
P r i v a t e  Sub B u t t o n l _ C l i c k ( B y V a l  s e n d e r  As S y s t e m •〇bject, B y V a l  e 
As Syste m . E v e n t A r g s )  H a n d l e s  B u t t o n l .C l i c k  
D i m  Num 2  As Integer 
D im Num 3  As I nteger 
D i m  Num4 As Int eger 
D i m  Num 5  As Integer 
D i m  R e s u l t  As In t e g e r
T x t V a l 2 .
If V a l ( T x t V a l 2 , 
Text =
.Text) > 3000 Or V a l ( T x t V a l 2 .Text) < 300 Then
T x t V a l 3 .
If Val 
Tex t  =
(TxtVal3,
it it
.Text) > 350 O r  V a l ( T x t V a l 3 . Text) < 250 Then
T x t V a l 4 .
If Val 
Tex t  =
( T x t V a l 4 ,
it ti
.Text) > 480 O r  V a l ( T x t V a l 4 .Text) < 60 Then
TxtVal5.
If Val 
.Text =
(TxtVal5.
I* it
.Text) > 40 Or V a l ( T x t V a l 5 .Text) < 20 Then
N um2 = V a l ( T x t V a l 2 .Text)
N u m 3  = V a l ( T x t V a l 3 .Text)
N um4 = V a l ( T x t V a l 4 . T e x t )
N u m 5  = V a l ( T x t V a l 5 .Text)
R e s u l t  = (0.22 3 7 1 3 0 8 3 0 0 0 0 5 9  * Num2) + ( (-0.127459298146685) * 
Num3 八 2 + 8 1 . 7 4 6 7 6 4 8 5 6 7 7 6 4  * Num3) + ( ( - 0 . 0 0 876794835611272) * Num4 
a 2 + 5 . 3 6 6 7 9 1 3 2 0 8 7 0 3  * Num4) + ( (-3.93795482708983) * N u m 5  A 2 + 
2 5 4 . 7 2 7 2 8 9 6 2 5 1 8 7  * Num5) - 1 9 3 2 2 . 2 3 5 3 6 6 5 5 7 3  
T x t R e s u l t .Text = CStr(Resu lt )
If T x t V a l 2 .Text = "" Or T x t V a l 3 .Tex t  = "" Or T x t V a l 4 .Tex t  =
•，" Or T x t V a l 5 . T e x t  = "" T hen
T x t R e s u l t .T ext = " "
M s g B o x  ("Please e n t e r  a v a l i d  n u m b e r ! 11)
E n d  If 
E n d  Sub
P r i v a t e  Sub B u t t o n 2 _ C l i c k ( B y V a l  s e n d e r  As S y s t e m .〇bject, By V a l  e 
As S y s t e m .E v e n t A r g s ) Ha n d l e s  B u t t o n 2 .C l i c k  
T x t V a l 2 . T e x t  =
T x t V a l 3 . T e x t  =
T x t V a l 4 . T e x t  = ，"’
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T x t V a l 5 . T e x t  =
T x t R e s u l t . Text =
E n d  Sub
P r i v a t e  Sub T x t V a l 2 _ K e y P r e s s ( B y V a l  s e n d e r  As Object, ByV a l  e As 
S y s t e m . W i n d o w s .F o r m s . K e y P r e s s E v e n t A r g s )  H a n d l e s  T x t V a l 2 •K e y P r e s s
If C h a r •エs D i g i t ( e •KeyChar) Or e .K e y C h a r  = C h r (8) Or e .K e y C h a r  
= Then
If e .KeyChar = " .fl A n d  InS t r  (TxtVal2 • Text, ，'•"） > 0  Then 
e .H a n d l e d  = True
E lse
e .H a n d l e d  = False 
E n d  If
Els e
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
P r i v a t e  Sub TxtVal2 L o s t F o c u s ( B y V a l  se n d e r  As Object, By V a l  e As 
S y s t e m .E v e n t A r g s ) H a ndles T x t V a l 2 .L o s t F o c u s  
If T x t V a l 2 . T e x t  <> ,,n Then
If V a l ( T x t V a l 2 . T e x t )  > 3000 Or V a l ( T x t V a l 2 .T e x t ) < 300 
T hen M s g B o x (" Please input a v a l i d  n u m b e r  of 300-3000!")
E n d  If 
E n d  Sub
P r i v a t e  Sub T x t V a l 3  K e y P r e s s ( B y V a l  s e n d e r  As Object, B y V a l  e As 
S y s t e m . W i n d o w s .F o r m s .K e y P r e s s E v e n t A r g s ) H a n d l e s  T x t V a l 3 .K e y P r e s s
If C h a r •IsDigit(e . K e y C h a r )  Or e .K e y C h a r  = C h r (8) Or e .K e y C h a r  
= Then
If e .K e y C h a r  = "." A n d  ェn S t r ( T x t V a l 4 •Text, ".") > 0  Then 
e .H a n d l e d  = True
Else
e .H a n d l e d  = False 
E n d  If
E lse
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l 3 _ L o s t F o c u s ( B y V a l  se n d e r  As Object, B y V a l  e As 
S y s t e m .E v e n t A r g s ) H andles T x t V a l 3 .L o s t F o c u s  
If T x t V a l 3 . T e x t  く〉 Then
If V a l ( T x t V a l 3 .Text) > 350 Or V a l ( T x t V a l 3 •T e x t ) < 250 
T h e n  M s g B o x ( " P l e a s e  input a v a l i d  n u m b e r  of 250-350!")
E n d  If 
E n d  Sub
P r i v a t e  Sub T xtV al4 K e y P r e s s ( B y V a l  s e n d e r  As Object, B y V a l  e As 
S y s t e m . W i n d o w s .F o r m s .K e y P r e s s E v e n t A r g s ) H a n d l e s  T x t V a l 4 .K e y P r e s s
If C h a r .I s D i g i t ( e •KeyChar) Or e .K e y C h a r  = C h r (8) Or e .K e y C h a r  
= ” Then
If e . K e y C h a r  = A n d  InS t r  (TxtVal4 .Text, " .11) > 0  T hen 
e .H a n d l e d  = True
Els e
e .H a n d l e d  = False 
E n d  If
Els e
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e .H a n d l e d  = True 
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l 4 _ L o s t F o c u s ( B y V a l  se n d e r  As Object, ByV a l  e As 
S y s t e m .E v e n t A r g s ) Ha n d l e s  T x t V a l 4 . L o s t F o c u s  
If T x t V a l 4 . T e x t  <> n " T hen
If V a l ( T x t V a l 4 . T e x t )  > 480 Or V a l ( T x t V a l 4 .Text) < 60 Then 
M s g B o x ("Please ihput a v a l i d  n u m b e r  of 60-480!")
E n d  If 
E n d  Sub
P r i v a t e  Sub T x t V a l 5 _ K e y P r e s s ( B y V a l  se n d e r  As Object, By V a l  e As 
S y s t e m . W i n d o w s .F o r m s .K e y P r e s s E v e n t A r g s ) H a n d l e s  T x t V a l 5 .K e y P r e s s
If C h a r •エs D i g i t ( e _K e y C h a r ) O r  e .K e y C h a r  = C h r (8) Or e .K e y C h a r  
= " T he n
If e . K e y C h a r  = 11.11 A n d  InS t r  (TxtVal5 • Text, M .11) > 0  Then 
e .H a n d l e d  = True
E ls e
e .H a n d l e d  = False 
E n d  If
Els e
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
P r i v a t e  Sub Tx t V a l 5  L o s t F o c u s ( B y V a l  se n d e r  As Object, B y V a l  e As 
S y s t e m . E v e n t A r g s )  Ha n d l e s  T x t V a l 5 .L o s t F o c u s  
If T x t V a l 5  .Text <> " 11 The n
If V a l ( T x t V a l 5 .Text) > 40 Or V a l ( T x t V a l 5 .Text) < 20 The n  
M s g B o x (" P lease input a v a l i d  n u m b e r  of 20-40!")
E n d  If
E n d  Sub
P r i v a t e  Sub Bu t t o n 3  C l i c k ( B y V a l  s e n d e r  As S y s t e m . O b j e c t , B y V a l  e 
As S y s t e m .E v e n t A r g s ) H a n d l e s  B u t t o n 3 .C l i c k  
E n d  
E n d  Sub 
E n d  Class
D.2 Program Code for Predictive Model o f Corrosion Current Density
P r i v a t e  Sub T e x t B o x l O  T e x t C h a n g e d ( B y V a l  s e n d e r  As S y s tem.Object, 
B y V a l  e As S y s t e m . E v e n t A r g s ) H a n d l e s  T x t R e s u l t 2 .T e x t C h a n g e d  
T x t R e s u l t .B a c k C o l o r  = C o l o r . W h i t e  
E n d  Sub
P r i v a t e  Sub B u t t o n 5  C l i c k ( B y V a l  s e n d e r  As System. O b j e c t ,  B y V a l  e 
As S y s t e m .E v e n t A r g s ) H andles B u t t o n s •C l i c k  
T x t V a l l 2 . T e x t  =
T x t V a l l 3 . T e x t  =
T x t V a l l 4 .Tex t  =
T x t V a l l 5 .Tex t  =
T x t V a l l 6 . T e x t  =
T x t R e s u l t 2 .Text 
E n d  Sub
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Pr i v a t e  Sub B u t t o n 4 _ C l i c k ( B y V a l  s e n d e r  As S y s t e m . O b j e c t , ByV a l  e 
As S y s t e m .E v e n t A r g s ) Ha n d l e s  B u t t o n 4 .C l i c k  
E n d  
E n d  Sub
Pr ivate Sub B u t t o n 6  C l i c k ( B y V a l  se n d e r
Syste m . E v e n t A r g s )  H a n d l e s  B u t t o n 6 .C l i c k
Dim xl As Integer
Dim x2 As Integer
Dim x3 As Integer
Dim x4 As Integer
Dim x5 As Integer
Dim Y ,As Double
As S y s t e m .Obj ect, ByV a l  e
If V a l ( T x t V a l l 2 . T e x t )  
T x t V a l l 2 . T e x t  =
If V a l ( T x t V a l l 3 . T e x t )  
T x t V a l l S . T e x t  = " "
If V a l ( T x t V a l l 4 . T e x t )  
T x t V a l l 4 . T e x t  =
If V a l ( T x t V a l l 5 . T e x t )  
T x t V a l l 5 . T e x t  = ’i"
If V a l ( T x t V a l l 6 . T e x t )  
T x t V a l l 6.Tex t  = " "
> 3000 Or V a l ( T x t V a l l 2 .Text) < 300 The n
>  350 Or V a l ( T x t V a l l 3 .T e x t) < 250 Then
> 480 Or V a l ( T x t V a l l 4 .Text) < 60 The n
> 40 Or V a l ( T x t V a l l 5 .Text) < 20 Then
> 168 Or V a l ( T x t V a l l 6.T e x t ) < 24 The n
xl = V a l ( T x t V a l l 2 . T e x t )  
x2 = V a l ( T x t V a l l 3 . T e x t )  
x3 = V a l ( T x t V a l l 4 . T e x t )  
x4 = V a l ( T x t V a l l 5.Text) 
x5 = V a l ( T x t V a l l 6.Text)
D i m  a, b, c, d, el, f, g, h, i, j, k, 1, m, n As Do u b l e  
a = (- 0 . 0 0 0 0 0 0 0 0 0 0 3 5 1 9 1 0 4 3 0 8 3 0 8 7 5 )  
b  = (0.00000017348 9593204487) 
c = (-0.00023997806417669) 
d  = (0.00000 619140972111928) 
el = (-0.00383397802602733) 
f = (0.00000060 9400 978210822) 
g = (-0.00044564 60754 662 81) 
h = (0.000365940028407194) 
i = (-0.023562151704438) 
j = (0.000000000014 62 9723322 8531) 
k = ( - 0 . 0 0 G 0 0 0 0 2 0 7 1 1 1 621261083)
1 = (0.000008527 656197 85504) 
m  = (-0.0007438172 99583257) 
n = (1.17923366924893)
Y = 1 . 8 / 5 / 0 . 0 0 3 2 7 *  (a * xl A 3 + b * xl A 2 + c * xl) + (d * 
x2 八 2 + el * x 2 ) + ( f * x 3  八 2 + g *  x3) + ( h * x 4  八 2 + i *  x 4 ) + 
(j * x 5 A 4 + k * x 5 A 3 + l * x 5 A 2 + m * x 5 )  + n 
T x t R e s u l t 2 .Text = Mat h . R o u n d ( Y ,  4)
If T x t V a l l 2 . Text = " 11 Or T x t V a l l 3  . T ext = "" Or T x t V a l l 4  . Text 
= " " Or T x t V a l l 5 . T e x t  = Or T x t V a l l 6 . T e x t  = ,,n T hen
T x t R e s u l t 2 .T ext = " M
M s g B o x ("Please en t e r  a v a l i d  number!")
E n d  If 
E n d  Sub
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Pr i v a t e  Sub T x t V a l l 2 _ K e y P r e s s ( B y V a l  sen d e r  As Object, B y V a l  e As 
S y s t e m . W i n d o w s .F o r m s .K e y P r e s s E v e n t A r g s ) H a n d l e s  T x t V a l l 2 .K e y P r e s s
If C h a r .I s D i g i t ( e .KeyChar) O r  e .K e y C h a r  = C h r (8) Or e .K e y C h a r  
= " The n
If e . K e y C h a r  = " . A n d  InS t r  (TxtVall2 • Text, " . M ) > 0 T hen 
e .H a n d l e d  = True
Els e
e .H a n d l e d  = False 
E n d  If
Else
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l l 2 _ L o s t F o c u s ( B y V a l  s e n d e r  As Object, ByV a l  e As 
S yste m . E v e n t A r g s )  H a ndles T x t V a l l 2 .L o s t F o c u s  
If T x t V a l l 2 . T e x t  <> ,,n Then
If V a l ( T x t V a l l 2 . T e x t )  > 3000 Or V a l ( T x t V a l l 2 .T e x t ) < 300 
The n  M s g B o x  ("Please input a v a l i d  n u m b e r  of 3 0 0 - 3 0 0 0 ! 11)
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l l 3 — K e y P r e s s ( B y V a l  s e n d e r  As Object, B y V a l  e As 
S y s t e m . W i n d o w s .F o r m s . K e y P r e s s E v e n t A r g s ) H a n d l e s  T x t V a l l 3 .K e y P r e s s
If C h a r •IsDigit(e. K e y C h a r )  O r  e .K e y C h a r  = C h r (8) Or e .K e y C h a r  
= " ノ  The n
If e . K e y C h a r  = "•" A n d  I n S t r ( T x t V a l l 3 .Text, "•") > 0 Then 
e .H a n d l e d  = True
Els e
e .H a n d l e d  = False 
E n d  If
Els e
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l l 3  L o s t F o c u s ( B y V a l  s e n d e r  As Object, ByV a l  e As 
S y s t e m .E v e n t A r g s ) Ha n d l e s  T x t V a l l 3 .L o s t F o c u s  
If T x t V a l l 3 . Text <> 11,1 Then
If V a l ( T x t V a l l 3 .Text) > 350 Or V a l ( T x t V a l l 3 .Text) < 250 
The n  M s g B o x ( " P l e a s e  input a v a l i d  n u m b e r  of 250-350!")
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l l 4  K e y P r e s s ( B y V a l  se n d e r  As Object, 
S y s t e m .W i n d o w s .F o r m s .K e y P r e s s E v e n t A r g s ) H a n d l e s  T x t V a l l 4 .
If C h a r .I s D i g i t ( e •K e y C h a r ) Or e . K e y C h a r  = C h r (8)
= " • "  The n
If e . K e y C h a r  = " .11 A n d  I n S t r  (TxtVal4 • T e x t , ". 
e .H a n d l e d  = True
Else
e .H a n d l e d  = False 
E n d  If
Els e
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
B y V a l  e As 
Ke y P r e s s  
eOr
"〉>
K e y C h a r  
0 The n
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P r i v a t e  Sub T x t V a l l 4 _ L o s t F o c u s ( B y V a l  s e n d e r  As Object, B y V a l  e As 
S y s t e m .E v e n t A r g s ) H a ndles T x t V a l l 4 .L o s t F o c u s  
If T x t V a l l 4  .Text <> Then
If V a l ( T x t V a l l 4 . T e x t )  > 480 Or V a l ( T x t V a l l 4 .Text) < 60 
T hen M s g B o x ( " P l e a s e  input a v a l i d  n u m b e r  of 60-4 80!")
E n d  If 
E n d  Sub
P r i v a t e  Sub T x t V a l l 5 _ K e y P r e s s ( B y V a l  s e n d e r  As Object, B y V a l  e As 
S y s t e m . W i n d o w s •F o r m s . K e y P r e s s E v e n t A r g s )  H a n d l e s  T x t V a l l 5 . K e y P r e s s
If C h a r . I s D i g i t ( e . K e y C h a r )  Or e .K e y C h a r  = Chr (8) Or e .K e y C h a r  
= " • "  T hen
If e .K e y C h a r  = "." A n d  I n S t r ( T x t V a l l 5 •Text, " . M ) > 0 The n  
e .H a n d l e d  = True
Else
e .H a n d l e d  = False 
E n d  If
Els e
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l l 5 _ L o s t F o c u s ( B y V a l  s e n d e r  As Object, B y V a l  e As 
S y s t e m . E v e n t A r g s )  H a n d l e s  T x t V a l l 5 .L o s t F o c u s  
If T x t V a l l 5 . Text <> The n
If V a l ( T x t V a l l 5 . T e x t )  > 40 Or V a l ( T x t V a l l 5 .T e x t ) < 20 
T h e n  M s g B o x ( " P l e a s e  input a v a l i d  n u m b e r  of 20-40!")
E n d  If 
E n d  Sub
Pr i v a t e  Sub T x t V a l l 6一K e y P r e s s ( B y V a l  se n d e r  As Object, ByV a l  e As 
S y s t e m . W i n d o w s •F o r m s . K e y P r e s s E v e n t A r g s )  H a n d l e s  T x t V a l l 6 .K e y P r e s s
If C h a r •エs Digi t ( e . K e y C h a r )  Or e . K e y C h a r  = C h r (8) Or e . K e y C h a r  
= The n
If e .K e y C h a r  = " • " A n d  ェn S t r  (TxtVall6 • Text, 11.11) > 0  Then 
e .H a n d l e d  = True
Els e
e . H a n d le d  = F a l s e  
End I f
E lse
e .H a n d l e d  = True 
E n d  If 
E n d  Sub
P r i v a t e  Sub T x t V a l l 6  L o s t F o c u s ( B y V a l  s e n d e r  A s  Object, ByV a l  e As 
S y s t e m . E v e n t A r g s )  H a n d l e s  T x t V a l l 6 .L o s t F o c u s  
If T x t V a l l 6 . Text く〉 Then
If V a l ( T x t V a l l 6 . T e x t )  > 168 Or V a l ( T x t V a l l 6.Text) < 24 
The n  M s g B o x (" P lease input a v a l i d  n u m b e r  of 24-168!")
E n d  If 
E n d  Sub
P r i v a t e  Sub Forml L o a d ( B y V a l  s en d e r  As Sys te m. O b j e c t ,  B y V a l  e As 
S y s t e m .E v e n t A r g s ) Ha n d l e s  M y B a s e .L o a d  
M y B a s e . M a x i m i z e B o x  = False 
M y B a s e . M i n i m i z e B o x  = False 
E n d  Sub 
E n d  Class
